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ABSTRACT 
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Date of Degree: December 2010 
 
One of the interesting properties of an Ultra-wideband (UWB) signal is its ability to 
penetrate walls and obstacles which comes from the lower frequency components of the 
signal. However, as the signal propagates through these obstacles, it gets attenuated, slows 
down, and gets dispersed, which indicates the effect of the propagating medium. In this 
work we demonstrate wall compensation for through-wall imaging, localization and 
communication receiver design purposes by first characterizing wave propagation through 
various building materials in UWB frequency range. Frequency-domain transmission and 
reflection measurements are performed using a Vector Network Analyzer over a 
frequency range of 1 – 18 GHz to examine wall effects. This is done by measuring the 
insertion transfer function given as the ratio of two signals measured in presence and 
absence of the wall. The dielectric constant and propagation loss are extracted from the 
measured insertion transfer function using signal processing techniques. The work 
considers typical indoor walls like glass, wood, and gypsum. Double layer walls and three 
layer walls are also investigated. Results from transmission and reflection measurements 
are compared with each other and with literature. The results obtained are then further 
used to estimate and correct the position accuracy of a target object located behind the 
walls using three proposed methods namely; constant amplitude and delay, frequency 
dependent data, and data fitting methods. The obtained results indicated relatively 
acceptable measure of wall compensation for the three methods. Results from such work 
provide insight on how to develop algorithms for effective target position estimation in 
imaging and localization applications. They are also useful data for channel modeling and 
link budget analysis.  
  ix
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 ﺧﻼﺻﺔ اﻟﺮﺳﺎﻟﺔ
  ﻧﻮر اﻟﺪﻳﻦ ﻣﺤﻤﺪ أﻳﺎ: اﻻﺳﻢ اﻟﻜﺎﻣﻞ
ﻟﻠﺘﺤﺪﻳﺪ ﻋﺎﻟﻲ اﻟﺪﻗﺔ ﻟﻠﻤﻮاﻗﻊ اﻟﻤﺤﺠﻮزة ﺑﺎﺳﺘﺨﺪام ﺗﻘﻨﻴﺔ اﻟﺘﺮدد اﻟﻄﻴﻔﻲ ﻓﺎﺋﻖ  اﻟﺠﺪارﺗﺄﺛﻴﺮ ﺗﻌﻮﻳﺾ :  ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ
  (BWU)اﻻﺗﺴﺎع 
  .هﻨﺪﺳﺔ اﻻﺗﺼﺎﻻت: اﻟﺘﺨﺼﺺ
  ٠١٠٢دﻳﺴﻤﺒﺮ : ﺗﺎرﻳﺦ اﻟﺸﻬﺎدة
هﻮ ﻗﺪرﺗﻬﺎ ﻋﻠﻰ اﺧﺘﺮاق اﻟﺠﺪران واﻟﺤﻮاﺟﺰ ( BWU)ﻣﻦ أﻓﻀﻞ ﺧﺼﺎﺋﺺ اﻹﺷﺎرة ذات اﻟﺘﺮدد اﻟﻄﻴﻔﻲ ﻓﺎﺋﻖ اﻻﺗﺴﺎع 
ﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ ذﻟﻚ إﻻ إن ﻣﺮور هﺬﻩ اﻹﺷﺎرة . اﻟﻘﺪرة ﺗﺄﺗﻲ ﻣﻦ اﻟﺠﺰء ذي اﻟﺘﺮدد اﻟﻄﻴﻔﻲ اﻷﻗﻞ ﻣﻦ اﻹﺷﺎرة وهﺬﻩ
ﻣﻦ ﺧﻼل هﺬﻩ اﻟﺤﻮاﺟﺰ ﻳﻨﺘﺞ ﻋﻨﻪ اﺿﻤﺤﻼل وﺑﻂء وﺗﺸﺘﺖ ﻟﻺﺷﺎرة وهﺬا ﻳﺪل ﻋﻠﻰ ﺗﺄﺛﻴﺮ اﻟﻤﺮور ﻣﻦ ﺧﻼل (BWU)
ﻟﺠﺪار وﺗﺤﺪﻳﺪ اﻟﻤﻮاﻗﻊ وﺗﺼﻤﻴﻢ ﺟﻬﺎز ﻓﻲ هﺬا اﻟﻌﻤﻞ ﺳﻨﻌﺮض ﺗﻌﻮﻳﺾ اﻟﺠﺪار وذﻟﻚ ﻟﻠﺘﺼﻮﻳﺮ ﻣﻦ ﺧﻼل ا.  اﻟﻤﻮاد
. ﻣﻦ ﺧﻼل اﻟﻌﺪﻳﺪ ﻣﻦ ﻣﻮاد اﻟﺒﻨﺎء( BWU)وذﻟﻚ ﻣﻦ ﺧﻼل ﺗﻤﻴﻴﺰ ﻣﺮور اﻟﻤﻮﺟﺔ ذات اﻟﺘﺮدد اﻟﻤﻤﺎﺛﻞ ل , اﻻﺳﺘﻘﺒﺎل
 rotceV)ﻣﺤﻠﻞ أﻧﻈﻤﺔ ﻣﺘﺠﻪ ﺳﺘﻨﻔﺬ ﺑﺎﺳﺘﺨﺪام ( niamod ycneuqerF)ﻗﻴﺎﺳﺎت اﻹرﺳﺎل واﻻﻧﻌﻜﺎس ﻓﻲ ﻧﻄﺎق اﻟﺘﺮدد
داﻟﺔ اﻟﻨﻘﻞ ﺟﻴﺠﺎ هﺮﺗﺰ ﻟﺪراﺳﺔ ﺗﺄﺛﻴﺮ اﻟﺠﺪار ﻣﻦ ﺧﻼل ﻗﻴﺎس  ٨١-١ق اﻟﺘﺮددي ﻣﻦ ﻓﻲ اﻟﻨﻄﺎ( rezylanA krowteN
واﻟﻤﻌﻄﺎة آﻨﺴﺒﺔ اﻟﻤﻮﺟﺘﻴﻦ اﻟﻤﻘﺎﺳﺘﻴﻦ ﻓﻲ وﺟﻮد وﻋﺪم وﺟﻮد ( noitcnuf refsnart noitresni)ﻧﺘﻴﺠﺔ ﻻدﺧﺎل اﻟﺤﺎﺟﺰ 
 noitresni)ﻣﻦ ( ssol noitagaporp)و ﺧﺴﺎرة اﻟﻨﺸﺮ ( tnatsnoc cirtceleid)ﺗﻢ ﻗﻴﺎس ﻣﻌﺎﻣﻞ اﻟﻌﺰل.اﻟﺠﺪار
ﻓﻲ هﺬا اﻟﻌﻤﻞ ﺗﻢ اﻋﺘﺒﺎر ﺟﺪران داﺧﻠﻴﺔ ﻧﻤﻮذﺟﻴﺔ . وذﻟﻚ ﺑﺎﺳﺘﺨﺪام ﺗﻘﻨﻴﺎت ﺗﺤﻠﻴﻞ اﻹﺷﺎرة(  noitcnuf refsnart
ﺗﻢ ﻣﻘﺎرﻧﺔ اﻟﻨﺘﺎﺋﺞ ﻣﻦ . ﺗﻢ أﻳﻀﺎ اﻋﺘﺒﺎر ﺟﺪران ﻣﻦ ﻃﺒﻘﺘﻴﻦ وﻣﻦ ﺛﻼث ﻃﺒﻘﺎت. ﻣﺼﻨﻮﻋﺔ ﻣﻦ اﻟﺰﺟﺎج واﻟﺨﺸﺐ واﻟﺠﺒﺲ
ﻋﻼوة ﻋﻠﻰ ذﻟﻚ ﻓﻘﺪ اﺳﺘﺨﺪﻣﺖ اﻟﻨﺘﺎﺋﺞ ﻓﻲ ﺗﻘﺪﻳﺮ اﻟﻤﻮﻗﻊ . ث اﻟﺴﺎﺑﻘﺔاﻟﺒﺤﻮﻓﻲ اﻹرﺳﺎل واﻻﻧﻌﻜﺎس ﻣﻊ ﺗﻠﻚ اﻟﻤﻮﺟﻮدة 
 dna edutilpma tnatsnoc)اﻟﺪﻗﻴﻖ واﻟﺼﺤﻴﺢ ﻟﻬﺪف ﻣﺎ ﻳﻘﻊ ﺧﻠﻒ اﻟﺠﺪار وذﻟﻚ ﺑﺎﺳﺘﺨﺪام ﺛﻼث ﻃﺮق وﺗﺤﺪﻳﺪا 
وﻗﺪ أﺷﺎرت اﻟﻨﺘﺎﺋﺞ ﻟﻘﺒﻮل ﻧﺴﺒﻲ ﻟﻠﺘﻌﻮﻳﺾ اﻟﻨﺎﺗﺞ (. gnittif atad)و ( atad tnedneped ycneuqerf)و ( yaled
ﻳﻤﻜﻦ اﺳﺘﺨﺪام اﻟﻨﺘﺎﺋﺞ اﻟﻤﺴﺘﺨﻠﺼﺔ ﻣﻦ هﺬا اﻟﻌﻤﻞ ﻓﻲ ﺗﺼﻤﻴﻢ ﺧﻮارزﻣﻴﺔ ﻓﻌﺎﻟﺔ ﻟﺘﻘﺪﻳﺮ . ﺄﺛﻴﺮ اﻟﺠﺪار ﻟﻠﺜﻼث ﻃﺮقﻋﻦ ﺗ
أﻳﻀﺎ هﺬﻩ اﻟﻤﻌﻠﻮﻣﺎت ﻣﻔﻴﺪة ﻟﻨﻤﺬﺟﺔ اﻟﻘﻨﺎة . ﻣﻦ ﺧﻼل اﻟﺤﻮاﺟﺰ ﻣﻮﻗﻊ اﻟﻬﺪف او ﻟﻠﺘﺼﻮﻳﺮ او ﺗﻄﺒﻴﻘﺎت ﺗﺤﺪﻳﺪ اﻟﻤﻮاﻗﻊ
 .(sisylana tegdub knil)وﺗﺤﻠﻴﻞ ﻣﻴﺰاﻧﻴﺔ اﻟﺮاﺑﻂ (gniledom lennahc)
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CHAPTER 1 
1 INTRODUCTION 
1.1 Overview 
Recently, ultra-wideband (UWB) systems have been a subject of increasing interest. 
UWB systems are formally defined by the FCC as any radio whose bandwidth is at least 
20% its centre frequency or a signal whose bandwidth is 500 MHz or more [FCC02]. 
UWB signals have the unique capabilities of extra-wide bandwidth, low power and 
multipath immunity. In addition, they are promised to have the ability to penetrate walls 
and obstacles, which addresses a variety of applications ranging from indoor wireless 
communications, through-wall imaging, detection and localization, where there is a desire 
to see into obscured areas. The study of radio signal propagation through walls is useful in 
that it shows the effect of the obstacle on the propagating signal or in other words, shows 
the behavior of the signal as it propagates through the material. This is usually achieved 
by investigating the interaction of the electromagnetic wave incident on the wall sample 
and extracting its electrical properties. In this work however, special consideration is 
given to UWB signals and their behavior when propagating through these obstacles. 
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Electromagnetic waves passing through a medium are subject to amplitude and 
phase distortions. These distortions are categorically attributed to dispersive and 
attenuative properties of the medium of propagation. There is an increasing need to 
understand and model these impairing effects in order to find better ways of mitigating 
them. In the context of through-the-wall detection, the ultimate objective is to use the 
dispersion and attenuation models in developing algorithms for detection, classification, 
and localization of objects behind walls. This, in turn, necessitates accurate modeling of 
electromagnetic effects associated with wave propagation and scattering, in pursuit of 
devising credible solutions. Ignoring the propagation effects limits the scope of our 
understanding of the sensed data, decreases resolution, and reduces the effective depth for 
which accurate results can be obtained.  
A propagation path obstruction is defined as a man-made or natural physical 
object that lies close enough to a radio wave path to cause a measurable effect on the path 
loss exclusive of reflection effects [TIA96]. Thus, electrical properties of the materials 
that make up these obstructions are important data for indoor radio communication 
planning and modeling, in addition to imaging and detection [Hua96]. It is, therefore, of 
paramount importance to study the electromagnetic properties of these materials for 
examining through-the-wall detection and imaging issues and devising the desired 
solutions.  
In addition to materials that make the wall, the shape of the wall and its 
composition also influence the propagation effects. Another effect is caused by multiple 
reflections within the wall. This impact becomes more pronounced if the wall is 
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heterogeneous. The dielectric constants of obstructions and their thicknesses introduce 
variable delays in the propagation path. The travel time through the thickness of an object 
on the signal path is critical to the delay measurement when high accuracy is desired. The 
problem becomes more severe in typical localization applications, where transmit and 
receive antennas are collocated on the same side of the wall. This requires the transmitted 
signal to propagate through the wall twice. Another important challenge is associated with 
angles of incidence of the wave on the wall or from (to) the transmit (receive) antenna. 
Furthermore, in practical situations, coupling effects, radiation pattern, input impedance, 
and polarization of transmit and receive antennas are important factors that need to be 
taken into consideration. 
In an effort to address these problems, this work investigates propagation through 
different building walls in order to characterize them over a wide range of frequency. This 
is the first step in the wall compensation process. Wood, Glass and Gypsum walls were 
examined over a frequency range of 1 – 18 GHz. To the best of our knowledge, this wide 
frequency range has not been studied for wall characterization. Most of the studies are at 
specific frequencies, lower frequency range or the X – Band. The characterization method 
is based on measuring the insertion transfer function, defined as the ratio of two signals 
measured in the presence and in the absence of the wall. The dielectric constant of the 
wall material is related to the measured insertion transfer function through a complex 
transcendental equation that can be solved using an approximate one-dimensional root 
search. Transmission and reflection measurements were carried out in frequency domain 
using a vector network analyzer and a pair of wideband antennas to extract the insertion 
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loss and dielectric constant for each wall material. Results obtained are in agreement with 
those presented in literature. Multiple walls were also considered and the effect of spacing 
between walls was investigated. 
  In imaging and localization applications, the presence of the wall and its effect on 
the target’s position cannot be ignored. The wall is mostly there and the perceived target 
position is usually shifted due to the wall characteristics. This problem is investigated and 
we sought to use information about the wall obtained from the wall characterization study 
to correct the position estimation of the target object by de-embedding the wall and thus, 
removing its effect from the process. 
1.2 Literature Survey 
This section provides a literature review of the recent works on electromagnetic wave 
propagation through obstacles. It will be seen that much has been done to characterize 
obstacles for propagation effects in narrowband frequencies using simulations, theoretical 
models, and experimental techniques for various materials. However, more study is 
required on wideband characterization of these materials, particularly for through-the-wall 
detection and communication purposes. Figure 1.1 classifies the work of different authors 
for wall material characterization based on different criteria. These are types of building 
material (wood, glass); conditions and structure of materials like wetness, and moisture 
content; methods used to extract wall characteristics, whether through experimentation or 
simulation; parameters used to characterize various walls, e.g reflection coefficient, 
dielectric constant, etc; and frequencies at which the parameters are extracted. This 
classification as well as the list of authors, however, is not exhaustive.  
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Figure  1.1: Summary of research activities in the area of through‐wall propagation 
 
 
Communications 
[Pen03], [Oka09]
Imaging [Hua96], [Ahm07], 
[Wan06], [Wen08], [Aft09], 
[Har08]
Detection & 
Localization  [Cha08], 
[Guo08], [Sac08], [Lai05], 
[Shi08]
RF/EM  Shielding 
[Vae88], [Ant03]
Building Material Methodology
Frequency Reported Parameters
UWB  [Yaz04], [Muq05], 
[Liu07], [Lee04], [Sch06], 
[Kra93], [Gul05], [Jat05], 
[Deh08]
S-band  [Aku04]
2 - 16 GHz  [Tes07]
1 - 12 GH z [Wil02]
X-band  [Ous05], [Sag05]
Dielectric constant  [Muq05], [Ous05], 
[Sag05], [Pen03], [Tes07a], [Sch06]
Penetration loss  [Has93], [Jat05], [Tes07b]
Transmission Coefficient  [Aku04], 
[Wil02], [Pen03], [Tes07a]
Reflection coefficient  [Aku04], [Wil02], 
[Sag05], [Pen03]
Loss tangent  [Cui01], [Muq05], [Wil02]
Delay [Sag05], [Sch06], [Jat05]
Insertion loss  [Muq05]
Return loss  [Gul05]
Conductivity [Cui01], [Liu07], [Tes07], 
[Pen03]
Insertion transfer function  [Muq05]
Application
Type
Glass [Muq05], [Cui01], 
[Jat05], [Tes07a], [Lee04]
Wooden door [Muq05], 
[Tes07a], [Lee04]
Concrete [Liu07], Muq05], 
Brick [Cui01], [Liu07], 
[Pen03]
Plywood [Liu07], [Muq05], 
Reinforced Concrete 
[Pen03]
Styrofoam [Muq05],
[Liu07], [Yaz04]
Cloth Partition [Liu07], 
[Yaz04], [Jat05]
Chip wood  [Cui01], 
[Tes07]
Plasterboard [Cui01],
[Liu07], [Tes07a]
Structure wood [Liu07]
Drywall [Liu07], [Wil02], 
[Lee04]
PVC [Sag05]
Cinder Block [Wil02], 
[Tes07a] 
Gypsum [Jat05]
Condition
Wet [Ali03]
Moisture
[Gul05a]
Dry [Liu07],
Structure
Homogenous
[Pen03],
[Gul05], 
[Deh08], [Tes07]
Inhomogeneous
[Deh08]
Multiple‐walls 
[Muq03b]
Slab [Muq05], 
[Muq08], 
[[Tes07a], 
[Lee04]
Rough Surface 
[Yoo99], [Vil08]
Simulation
[Liu07], [Yaz04],
[Aku04], [Ali03], 
[Ous05], [Cui01]
Theoretical
[Yaz04], 
[Muq03a],
[Pen03], 
[Tes07a], 
[Kra93]
Experimental
Time domain 
[Muq05], [Lee04],
[Sch06]
Frequency domain 
[Cui01], [Muq05],
[Tes07a] [Tes07b], 
[Wil02], [Sag05], 
[Lee04], [Jat05]
Transmission 
Measurements 
[Aku04], [Sag05],
[Tes07a], [Kra93]
Reflection 
Measurements 
[Aku04], [Kra93],
[Vil08]
Oblique 
Incidence
[Cui01], [Pen03],
[Tes07], [Kra93], 
[Vil08]
Direct 
Incidence
[Muq05], 
[Sag05],
[Wil02]
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Several studies have been conducted on the electromagnetic characterization of 
building materials, and various techniques were proposed both in the narrowband and 
wideband ranges of frequencies. For instance, 433 MHz, 868 MHz, 2.4 GHz, and 5 GHz  
 [Ali03]; 2.6–3.9 GHz [Aku04]; 5.8 GHz [Cui01]; 1–6 GHz [Lee04]; 8–12 GHz [Ous05]; 
and 900 MHz [Pen03] are example frequencies or frequency ranges used. More recently, 
studies were conducted on the UWB characterization of building materials [Muq03b], 
[Lee04], [Muq05], [Liu07].  
Electromagnetic parameters, including dielectric constant [Muq05], [Ous05], 
[Tes07b], [Yaz04], loss tangent [Muq05], [Wil02], conductivity [Cui01], [Tes07b], 
insertion loss [Muq05], return loss, path loss or propagation loss [Jat05], [Pen03], delay 
spread [Jat05], [Sag04], reflection coefficients [Aku04], [Sag05], [Wil02], and 
transmission coefficients [Aku04], [Tes07a], [Cui01], [Wil02], are commonly used to 
characterize the materials for propagation effects. These parameters are usually extracted 
through various theoretical and experimental methods. It should also be noted that all 
these authors reported the thickness of a wall as a critical parameter in characterizing the 
wall material when subjected to electromagnetic signals. Literature on various aspects of 
through wall propagation is reviewed in the sub-sections that follow. 
1.2.1 Wall Modeling 
Many theoretical models, both statistical and analytical, have been proposed to extract 
wall parameters at various frequencies. Earlier investigations on such characterization 
were summarized in a comprehensive review by Hashemi [Has93]. More recently, on a 
more statistical note, Liu et al. [Liu07] analyzed channel capacity for seven different 
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building materials and their effects on a MIMO UWB system. Akuthota et al. [Aku04] 
developed an electromagnetic model to determine the dielectric property profile of 
cement-based materials. Their model was based on determining the effective propagation 
constant from the transmission and reflection properties, and it is useful in predicting 
changes in the dielectric properties of materials. In another development, Cuinas and 
Sanchez [Cui01] proposed an internal multi-reflection model that takes into account the 
material thickness’s effect on phase measurements. The model was further used to 
augment experimental results obtained from studying electromagnetic properties of six 
typical building materials to determine their amplitude and phase responses. Pena et al. 
[Pen03] used two ray-tracing models to estimate attenuation, permittivity, and 
conductivity of a brick and concrete wall at 900 MHz. Sagnard and El Zein [Sag04], 
[Sag05] presented a high-resolution method based on the Matrix Pencil algorithm to 
reconstruct the impulse response by identifying individual multipath components within a 
material sample. This method utilizes the fact that each path is characterized by its own 
complex delay and amplitude. 
Other theoretical approaches are available in [Muq03a], [Yaz04], and [Tes07a]. In 
[Muq03a], Muqaibel and Safaai-Jazi proposed a simplified model that uses a one-
dimensional search algorithm for determining the complex dielectric constant for wall 
materials. This was obtained by analyzing the transfer function of the wall. Yazdandoost 
and Kohno [Yaz04] provided a compact analytical form of computing the complex 
relative permittivity of building materials from fundamental principles of electromagnetic 
waves for the UWB characterization of materials. Their results for the complex dielectric 
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constant of Styrofoam with 10 cm thickness and cloth partition with 6 cm thickness 
closely match those of [Muq03a]. Noori et al. [Noo08] obtained an analytical model to 
predict the impulse responses of the wall material from transmission coefficients 
assuming oblique wave incidence, and studied their effect on UWB transmission. 
1.2.2 Simulation of Through-the-Wall Propagation 
Simulation tools also play important roles in studying propagation effects. Ali-Rantala et 
al. [Ali03] studied how different walls and wall materials affect the attenuation of 
electromagnetic waves using an advanced computer simulation tool. In addition, [Ous05] 
developed two algorithms using theoretical formulas from [Muq03a] to extract material 
characteristics using Anosoft’s High Frequency Structure Simulator (HFSS) software. 
These models alone, however, are inadequate in providing a comprehensive 
description of the system propagation behavior. To effectively characterize 
electromagnetic wave propagation through obstacles, accurate measurements are required 
to augment the theoretical modeling. The major difficulty facing measurement accuracy is 
that of adequately taking into consideration all effects, including antenna, cable, 
connectors, and multipath effects, and their interaction with the complex indoor 
environment. Although antenna effects had been studied [Ada08], multipath effects were 
reduced through time-domain gating [Muq03b], [Muq08] or anechoic chamber 
measurements [Sag04], [Sag05], [Jat05], and calibration was performed to take care of 
cable errors, measurements still have to be repeated several times to ensure accuracy and 
repeatability of the results. Therefore, the theoretical and experimental approaches are 
complementary and should be used together. 
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1.2.3 Measurements of Through-the-Wall Propagation 
Measurements for characterizing through-the-wall propagation effects can be conducted 
in the time domain or in the frequency domain. Time-domain measurements on samples 
of brick and concrete were carried out in the UWB range of frequencies [Nem06], 
[Sch06], and wall parameters of thickness, permeability, and permittivity were estimated 
at 900 MHz [Pen03]. In [Muq05], it is observed that significant distortions occur when a 
bipolar Gaussian pulse is passed through a brick wall as compared to a wooden door. 
Gulck et al. [Gul05a] demonstrated a non-contacting determination of moisture content in 
bulk materials using sub-nanosecond UWB pulses. In another development, Gulck et al. 
[Gul05b] characterized materials using UWB pulses for the purpose of localization. Attiya 
et al. [Att04] used the time-domain technique to examine the potentials and limitations of 
through-the-wall human body detection. 
A reasonable amount of work has been carried out using the frequency domain 
technique [Muq05], [Tes07b], [Jat05], [Lee04]. In a thorough investigation, Muqaibel et 
al. [Muq05] performed a UWB characterization of ten commonly used building material 
samples. The results obtained for the dielectric constants of these materials were found to 
be in agreement with those reported in the literature. Although there are significant 
differences and inaccuracies in the values of loss tangents for different materials at 
different frequencies obtained by different researchers, these discrepancies are largely 
attributed to the difference in material composition. It is also observed that the dielectric 
constants of uniform materials like wood and drywall, on an average, tend to decrease 
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with frequency, while those with nonuniform structures like brick and concrete block 
exhibit a more complex behavior. 
Tesserault et al. [Tes07b] based their through-the-wall measurements on 
transmission power for door, chipboard and wall bearing. Results indicate a slight 
decrease of permittivity with frequency, while conductivity, which was calculated from 
the imaginary part of the complex permittivity, shows a more sensitive variation with 
frequency for the chipboard. Jaturatussani et al. [Jat05] used biconical antennas to find the 
dispersion and the penetration loss for four different materials. Lee et al. [Lee04] made 
obstructed LoS measurements on samples of drywall, wooden door, and glass door. 
Frequency responses showed a marked signal loss in the case of drywall, and the impulse 
response showed signal distortion and considerable delay. It is also observed in [Hua96] 
that for walls constructed from composite materials, the theoretical material constants are 
approximations and, therefore, wall parameters including the thickness can be estimated 
from the reflected (or transmitted) signal. In [Vil08], reflection measurements were 
performed at different angles where an aluminum plate was used as a reflection reference, 
large enough to cover an antenna beam footprint at any incident angle. However, the 
scattering effects of the wall surface caused by any surface roughness were not considered 
because these effects were very weak according to the estimated standard deviation of 
surface roughness of 0.05 mm that is small compared to a wavelength of 5.66 cm at 5.3 
GHz. 
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1.2.4 Existing Systems and Applications 
A good understanding of the wall effect has allowed for better imaging systems because 
getting information on the internal features of a structure makes it much easier for 
activities in surveillance, rescue and military applications [Sin07]. It is also useful in 
manufacturing to detect unwanted objects in a production line. A typical example of a real 
life application of through wall imaging is Prism 200TM [Cam60] used by tactical 
operators which indicates the location and number of people behind a wall or barrier and 
is capable of penetrating concrete, reinforced concrete, cinder block, brick, drywall and 
other common wall types, with a range of up to 20 m. 
Methods on how to accurately detect a target behind walls have been proposed by 
a number of researchers. Chandra et al. [Cha08] applied a singular value decomposition 
algorithm to minimize clutter and detect a metallic target behind plywood and brick wall 
in the UWB frequency range. Guolong et al. [Guo08] illustrated the impact of delay in 
position accuracy and used a through-the-wall compensation algorithm to correct the 
position of the located human to within 24 cm. Rovnakova et al [Rov09] proposed two 
methods to correctly trace moving targets behind walls and compensate for the ‘wall 
effect’. Imaging accuracy, however, is not only dependent on signal processing but also 
on the availability of detailed information about buildings, which includes material 
constants (permittivity and conductivity), thicknesses of walls, as well as the structures of 
the buildings themselves [Hua96]. 
  Recently, information on propagation effects is also used to reconstruct buildings 
for imaging and localization purposes [Bar08], [Bar06]. In [Bar08], model-based 
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reasoning architectures are developed to estimate structural details and correctly model a 
building and its contents. This type of approach obtains image information and, using 
propagation information, predicts a three-dimensional building model that best matches 
the obtained information. [Ahm07], [Wan06], and [Wen08] also demonstrated the 
imaging problem with practical assumptions of unknown wall parameters. 
Understanding the wall effect also helps in the development of RF/EM shielding 
for important building locations. Vaessen et al. [Vae88] investigated RF shielding 
properties of low-cost building materials where grids were embedded in addition to 
coating, and both were examined theoretically and experimentally. Results illustrated that 
unlike metal coating, wire grids exhibit significant frequency dependence. 
There is no doubt that the study of through-obstacle propagation has led to 
interesting developments in wireless radio systems particularly in receiver design and link 
budget analysis. However, as research on propagation through different materials 
continues in order to cover more grounds, more possibilities emerge providing new 
directions for study, and thus, applications like through-wall imaging and localization 
create motives for further research. 
1.3 Motivation 
Advances in communications and military have led to increased interest in the 
field of through the wall propagation. One interesting aspect of this is the detection of 
objects or humans behind obstacles, which has found applications in rescue missions, 
surveillance, and reconnaissance efforts. Electromagnetic waves traveling through an 
obstacle are subject to amplitude and phase distortion which is brought about by many 
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factors including the shape and composition of the wall. These factors play important 
roles in finding the exact position of a target behind a wall. Uncertainties in wall 
parameters blur and defocus target images causing them to shift away from their true 
positions [Ahm07].  It is therefore essential to study these adverse effects with the aim of 
finding reliable solutions. A considerable amount of research has been done to study the 
effect of wall composition on wave propagation [Tes07a], [Vil08], [Cui01] and 
consequently its effect on target detection [Ahm07]. However, most of these studies are in 
the narrowband frequency ranges or at specific frequencies. Furthermore, little has been 
done to develop solutions to correct the wall effects.  
One of the main objectives of this work is to investigate the interaction of an ultra-
wideband signal incident on the wall sample and extracting its electrical characteristics 
using frequency domain radiated techniques. Ultra-wideband signals are known to have 
high penetration capability and they provide high resolution. The second major objective 
is to use the information obtained about the wall to correct the adverse effect of the wall 
on the position accuracy of an object located behind it. Radiated methods, unlike cavity or 
waveguide methods, lend themselves to nondestructive and broadband applications. 
Performing measurements in the frequency domain allows for the application of a wide 
variety of noise reduction techniques. The information obtained from such investigation is 
useful to the following applications: 
1. Designing a wireless communication system to suit the application needed and thus, the 
antennas [Yan08], pulse shape [Foo04], and receiver can be tailored to improve system 
performance.  
14 
 
2. Develop through-wall imaging and localization systems. These systems are particularly 
important in surveillance, rescue [Sin07], and military applications. These systems are 
based on short-pulse waveforms which can penetrate materials and provide precise 
ranging information [Mah05]. Ultra wideband has emerged as an excellent candidate for 
such applications [Aft09], and [Har08].  
3. Designing building structures to withstand RF and EM wave penetration [Ant03], 
[Vae88] commonly known as EM/RF Shielding. Indoor wireless networks transmit RF 
signals that often propagate outside the physically controlled area of a building posing a 
security risk to sensitive data. Telecommunication [Lem02], medical, research, and 
military installations located near AM, FM and TV stations are subjected to RF ingress, 
equipment malfunction, test procedure difficulties, worker health problems, and 
compromised security situations particularly at defense facilities. Since short-pulse 
waveform systems like UWB radar can be used in imaging applications to locate humans 
or objects behind obstacles [Sac08], [Shi08], and [Lai05], ‘anti-imaging’ walls can also be 
designed to hinder radar penetration particularly in security situations, and in providing 
privacy. 
4. Modeling the obstacle for communication purposes as in office (industrial and hospital) 
buildings [Pen03]. Information on building material properties like attenuation and 
insertion loss will be useful in choice of material for constructing say a radio research 
facility for example.  
Additionally, modeling the obstacle can be used in healthcare, where the human 
body is envisioned as a frequency-dependent, irregular, lossy, and inhomogeneous 
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dielectric material [For07], and therefore EM wave propagation through it is greatly 
influenced. An example of this can be seen in wireless body area networks (WBAN) 
[For07], [Dib06]. 
While many studies had been carried out on characterization of obstacles for 
propagation effects, it is worthy of note that most of them relate only to certain 
applications, like radar, or at specific frequencies, or for indoor propagation, etc, and 
therefore cover only a sub-group of the numerous research areas. Thus, many issues are 
still subject to further research.  
1.4 Objectives 
In the course of performing this work, the objectives are as follows: 
1. Develop a test-bed for obstructed UWB localization. The system is a frequency 
domain setup based on a Vector Network Analyzer. This task includes choosing 
and acquiring material samples, wideband antennas, low noise amplifiers, wall 
mount for easy movement of wall samples, and appropriate cables. 
2. Conduct transmission and reflection measurements to characterize some typical 
indoor walls (wood, glass, gypsum). The characterized walls should be presented 
in terms of the insertion loss function (magnitude and phase) providing 
information about the impact of the specific thickness and how the retrieved data 
can be further generalized. Parameters like dielectric constant and loss tangent are 
also obtained. Different scenarios (different distance from the wall, multiple walls, 
space between wall, etc) are considered and study the impact of on the waveform. 
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3. Demonstrate wall compensation by using the prior knowledge of the wall to 
correct the position estimation and perform error analysis. This is achieved using 
three methods namely; Constant Amplitude and Delay, Frequency Dependent Raw 
Data Method, and Data Fitting Method. 
1.5 Thesis Structure 
After having an introduction which includes a review of literature and an insight on the 
objectives and motivation behind this thesis work, Chapter 2 gives a theoretical 
background on through-wall propagation. This includes an overview of EM wave 
propagation in dielectric media, various methods used in wall characterization, including 
the frequency domain technique we used. Chapter 3 details the description of our 
measurement setup for this work including the equipment, accessories and materials used. 
Experiments for studying UWB signal propagation through typical walls are also 
presented there. Conducted transmission and reflection measurements for wood, glass and 
gypsum are described and the results are presented. Repeatability and variability analysis 
are also covered. In chapter 4, wall compensation is demonstrated by using results 
obtained from chapter 3. The experiment done to determine an object behind the wall is 
described and the methods used to correct its position are discussed. Chapter 5 concludes 
the work with a summary and gives suggestions for future research. This thesis also 
includes an appendix and a nomenclature list. The appendix provides the manufacturers 
test results for the antenna used in the measurements. The Nomenclature provides a list of 
all symbols used in the text with their meanings. 
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CHAPTER 2 
2 THEORY OF UWB THROUGH-WALL PROPAGATION AND 
CHARACTERIZATION  
2.1 Dielectric Properties of Materials 
The propagation characteristics of electromagnetic waves traveling through walls are 
largely determined by the type of material composing these walls. Wall compositions are, 
in general, dielectric and nonmagnetic in nature. Thus, they exhibit no response to 
magnetic fields. However, when such materials are subjected to electric fields, numerous 
electric dipoles are created within their molecular structures. These dipoles tend to align 
along the direction of the external electric field, E. The cumulative effect of the localized 
shift between bound positive and negative charges is called polarization, P. It corresponds 
to a state of stress within the material, which gives rise to potential energy storage. This 
energy is released when the external electric field is removed. The ability of a material to 
be polarized or “stressed” by external fields is a property determined by its molecular 
structure. Within the wall material, the density of electric field lines (i.e., the electric flux 
density, D) is enhanced due to polarization, such that 
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PDD o         (2.1) 
 
where oD  is the free-space electric flux density. The ratio of the number of field lines 
inside the material to that in free space (absence of material) is called dielectric constant 
or relative permittivity of the material: 
 
E
P
o
r   1        (2.2) 
 
The dielectric constant is, thus, a measure of the energy storage capability of the material. 
The permittivity of a material,  , is that of free space, o , multiplied by the dielectric 
constant. 
 The time-varying (or ac) nature of the external field has profound effects on the 
polarization of the material and its permittivity. These effects translate into frequency-
dependent behaviors and incremental changes in the material conductivity. The materials’ 
frequency dependence gives rise to the phenomenon of dispersion, a subject that is 
addressed later in this section. 
To study the effects of time variations on electric properties of materials, it is 
customary to represent the electric dipole by the harmonic oscillator model or the classical 
mass-spring system. More sophisticated models exist but are beyond the scope of this 
work. The following differential equation governs the displacement l of an electric dipole 
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with charge q and mass m in response to a time-harmonic applied electric field with 
angular frequency ω [Bal89]: 
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where k is the damping coefficient (friction), s is the tension parameter (spring), oE  is the 
amplitude of the applied electric field. 
The steady-state solution for the displacement is readily obtained by using ∂/∂t = jω in 
(2.3) and solving for l. The result is [Bal89] 
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The polarization due to N similar electric dipoles per unit volume within the material is 
given by 
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Accordingly, the relative permittivity is obtained as 
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which is, in general, a complex quantity. The real and imaginary parts of r  are given by 
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The real part of the relative permittivity accounts for the energy storing capability 
of the material, while its imaginary part gives rise to an incremental change in the material 
conductivity. Thus, the effective conductivity of the material becomes 
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where s  is the static conductivity (sometimes called the dc conductivity) responsible for 
the ohmic losses inside the dielectric material; it is very small for good dielectrics. The ac 
21 
 
field conductivity, a , gives rise to heating of the dielectric material due to its dipole 
oscillations. The ratio of the two energies, namely, the stored (displacement) energy and 
the energy lost due to conductivity, defines the loss tangent of the material. Including ac 
variations, the loss tangent, tan δ, is given by 
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The determination of the electrical properties of the wall materials is essential, as these 
properties affect a variety of applications including through-the-wall imaging. The ability 
of walls to alter the propagation of ultra-wideband (UWB) signals is largely attributed to 
the real part of the complex permittivity and the effective conductivity of the wall 
material. These quantities can, in fact, be design parameters for better localization. In the 
light of the above discussion, the total electric current density within the material can be 
expressed as 
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The time-harmonic wave equation becomes 
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where ro   is the permeability of the material and r  is unity for non-magnetic 
materials. Also, γ is the complex propagation constant defined as 
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The parameters α and β are best known as the attenuation and phase constants, 
respectively. They can be expressed in terms of the material properties and frequency as 
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The attenuation suffered by a signal impinging on a wall can be, in general, 
attributed to conductivity loss, reflection loss, and multiple reflections within the wall. 
The conductivity loss may be a significant attenuation factor especially at higher 
frequencies and in the presence of liquids. However, most dry wall materials do not 
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exhibit significant ohmic losses. The losses due to reflections depend on the degree of 
contrast in the dielectric constant between the wall material and free space and the angle 
of incidence. Effects of multiple reflections inside the wall structure become significant 
when inhomogeneities are present and when the wall thickness is much larger than the 
signal wavelength. The realization of an object’s position behind the wall requires the 
correct building up of the signal phase. Walls can contribute significantly to the alteration 
of the signal phase. While the signal attenuation due to through-the-wall propagation can 
be easily compensated, say, by increasing the level of transmit power, the treatment of the 
signal phase requires more elaborate schemes. 
2.2 Wall Attenuation and Dispersion 
As mentioned earlier, UWB systems promise excellent wall penetration abilities. The 
propagation depth of an electromagnetic wave is proportional to its wavelength [Lee04]. 
The fine time resolution (fraction of a nanosecond) achieved by UWB systems makes it a 
candidate for precise ranging and localization of persons or objects behind walls and 
obstacles. This is unlike the narrowband systems that achieve high resolution using 
shortwave radio which in effect does not provide good penetration capabilities. 
Consequently, the propagation of UWB signals is significantly affected by the 
frequency-dependent properties of materials comprising the propagation medium. Over 
such a wide range of frequencies, materials exhibit diverse behaviors when interacting 
with electromagnetic waves. As the frequency of the interacting field increases, the 
molecular dipoles of the material subjected to the field cannot respond instantaneously. 
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The result of this sluggish response of the material to electromagnetic waves is dispersion. 
This phenomenon causes different spectral components of a UWB signal to travel at 
different speeds. The attenuation caused by reactive losses (dipole oscillation) is also 
frequency dependent, implying that different components of the signal are attenuated by 
different amounts. The most important manifestation of these effects is in pulse 
broadening, loss of amplitude, and, generally, signal distortions. The direct consequences 
amount to the loss of all or some of the following: bandwidth, accuracy, and identification 
capability. In impulse radio UWB systems, narrow time-domain pulses are used. The 
pulse propagation characteristics are best explained by the group velocity concept. The 
group velocity, denoted as  g , is the velocity with which the electromagnetic energy 
travels, and is determined from 
 


d
d
g         (2.16) 
 
In nondispersive media, the group velocity is the same as the phase velocity, 
 p  and is constant at all frequencies. In dispersive media, the group velocity is a 
function of frequency; thus, a delay difference develops between the travel times of 
different spectral components of a pulse. This delay difference causes pulse broadening, 
that is, the time width of the pulse is increased and hence assumes a narrower bandwidth 
(loss of bandwidth). The pulse broadening phenomenon is more pronounced for very 
short pulses.  
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 Dispersion theories predict that, away from the resonance regions, the dielectric 
constant of a material increases with frequency [Hay06]. In fact, it has been shown that 
the dispersion curves of most materials follow a few well-known classical models, such as 
Debye and Lorentz models. In the Debye model, a relaxation time is defined to account 
for how electric dipoles follow the behavior of the applied electric field. At low 
frequencies, the dipoles can follow the field closely, resulting in strong polarization. 
However, as the frequency of oscillation of the applied field increases, the dipoles start to 
lose track of field variations and weaker polarization is expected. Thus, materials with 
long relaxation times exhibit weak polarizability, while those with short relaxation times 
show high degrees of polarization. For dielectric materials, the dispersion relation in (2.6) 
is rewritten as 
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where   is the optical dielectric constant, s  is the static dielectric constant and τ is the 
material relaxation time. 
 The Debye model in (2.17) is a mathematical expression that can be fitted to 
experimental data. Once the fit is attained, the model can be used in analytical or 
numerical simulations. The Lorentz model takes into account multiple resonances of the 
material as well as dipole coupling effects. It is directly derived from the motion Equation 
(2.3). Introducing mNq op  2  and mso 2 , (2.6) is expressed as 
26 
 
 
 
22
2
2 
 
  jo
ps
r       (2.18) 
 
where ωo is the material resonance frequency and Γ is the damping factor. For frequencies 
well below the resonance frequency of the material, the dielectric constant is real and 
independent of frequency, and hence there is no dispersion. As the frequency nears 
resonance, the dielectric constant increases and attenuation also becomes significant. 
2.3 Techniques for Measuring Attenuation and Dispersion through 
Walls 
Unlike narrowband wireless systems, in which signal distortion is essentially caused by 
multipath components, in UWB wireless systems, signals may suffer significant 
distortions due to the dispersive properties of wall materials in the propagation path, 
multipath components, and also bandwidth limitations of transmit and receive antennas. 
In this section, techniques for the wideband measurement of attenuation and dispersion of 
signals propagating through walls are discussed. In particular, time-domain as well as 
frequency-domain free-space radiated measurement techniques, which lend themselves to 
in situ and nondestructive applications, are discussed. 
2.3.1 Time Domain Technique 
The time-domain technique consists of a pair of transmit and receive UWB antennas such 
as TEM horns, a pulse generator, a digital sampling oscilloscope, and a triggering signal 
generator as shown in Figure 2.1. Very short-duration Gaussian-like pulses are radiated by  
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Figure  2.1: Time domain measurement setup 
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an antenna whose bandwidth is sufficiently large that it causes negligible signal 
distortions. The signal is received by another antenna and detected by means of a 
wideband detector such as a digital sampling oscilloscope. An ultra-wideband power 
amplifier may be used at the feed point of the transmit antenna if higher radiated power is 
needed.  
The synchronization of both transmit and receive sides of the propagation channel 
is an important requirement in time-domain measurements. To maintain synchronization, 
a low jitter triggering signal is established between the pulse generator and the digital 
sampling oscilloscope. The sampling oscilloscope requires a pre-trigger. This is achieved 
by using a step generator driver that can supply the required trigger and pre-trigger 
signals. The time delay introduced by the triggering cables and the propagation path of the 
pulse is compensated by adjusting the time delay between the pre-trigger and the delayed 
trigger signals.  
Calibration and noise are two other important issues that need to be addressed. The 
purpose of calibration is to eliminate the effects of non-ideal characteristics of the 
measurement instruments from the measured data. Also, received signals may suffer 
degradation due to the interference and noise from various sources. The narrowband noise 
is usually due to electromagnetic interference from nearby narrowband systems, and often 
takes the form of a sinusoidal waveform added to the received signal. This type of noise 
can be eliminated through bandpass filtering. The wideband noise, on the other hand, 
refers to the thermal noise in the receiver. The wideband noise typically appears in the 
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form of random short pulses and can be significantly reduced through multiple signal 
averaging, a feature generally available in sampling oscilloscopes. 
2.3.2 Frequency Domain Technique 
The frequency domain technique uses network analyzers to perform swept frequency 
measurements within the intended bandwidth. Network analyzers can provide a wealth of 
knowledge about a device under test, including its magnitude, phase, and group-delay 
response. To accomplish this, a network analyzer must provide a source for stimulus, 
signal-separation devices, receivers for signal detection, and display/processing circuitry 
for reviewing results. The source is usually a built-in phase-locked (synthesized) voltage-
controlled oscillator. Signal-separation hardware allows measurements of a portion of the 
incident signal to provide a reference for ratio measurements, and it separates the incident 
(forward) and reflected (reverse) signals present at the input of the device under test 
[Pac97]. The frequency domain setup also consist of a two port S-parameter test set that 
provides both forward and reverse measurements. The RF power is available from either 
port 1 or port 2, and either test port can be connected to the vector network analyzer’s 
receiver inputs. Such test sets allow the use of full two-port error correction techniques for 
the highest measurement accuracy.  
A pair of horn antennas is used with one of them as the transmitter connected to 
port 1 and the other as the receiver connected to port 2 of the S-parameter test set as 
indicated in Figure 2.2. The network analyzer performs a swept frequency measurement 
within the required frequency band. Each data point obtained from the measurement is in  
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Figure  2.2: Frequency domain setup 
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a complex form represented by a magnitude and a phase term. Thus, the frequency band 
and required number of points has to be specified. For wideband characterization, where a 
wide frequency range needs to be swept, one has to make a trade-off between the 
frequency resolution and the required number of measurements that is directly 
proportional to the time it takes to perform the experiment as well as data storage 
requirements. 
Direct phase measurements in wideband through-the-wall propagation over long 
distances should be dealt with very carefully, as available VNAs are generally designed 
for the measurement of complex S-parameters of small two-port networks rather than long 
propagation distances. Errors in direct phase measurements occur due to the difference 
between the measured frequency and the frequency of the received signal caused by the 
propagation delay time through the wall. In the sweep mode operation, the VNA 
frequency changes linearly with the sweep time. With long propagation paths, the 
frequency of the signal at the end of the channel would be different from that at the 
beginning, resulting in errors in both magnitude and phase measurements. To avoid sweep 
mode errors, frequency stepping instead of frequency sweeping may be used. In the 
frequency stepping mode of operation, the duration of the frequency step should be larger 
than the time delay between transmit and receive antennas. It is emphasized that the 
measured signal is the one recorded at the end of the step rather than the average of 
measured signals received during the time step. 
 In the next chapter, a detailed description of the experimental setup used in this 
work for characterizing UWB propagation through walls is given. 
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CHAPTER 3 
3 UWB CHARACTERIZATION OF OBSTRUCTED 
PROPAGATION 
3.1 Introduction 
In communication and radar systems, the effect of signal distortion needs to be equalized. 
Obstructions with linear properties as well as those with non-linear properties introduce 
distortion in both magnitude and phase to signals passing through them. Linear effects 
impose changes in the time waveform of signals by altering the amplitude or phase 
relationships of the spectral components that make up the signal. No new signals are 
created. On the other hand non-linear effects can shift an incident signal in frequency or 
add other frequency components resulting in a modified pulse shape or frequency content. 
Measuring both magnitude and phase components are important in that they are 
needed to fully characterize the obstruction and understand its effect on the signal. In 
addition, impulse response characterization requires magnitude and phase information of 
the transfer function in order to perform IFFT. Calibration, which uses vector error 
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correction, improves measurement accuracy and needs magnitude and phase data to build 
an effective error model. 
Measurements are important in obstructed propagation studies because they 
provide a direct way of extracting obstacle properties and present a clear understanding of 
its effects on signal propagation. Measurements can be performed using both time domain 
and frequency domain techniques. In the time-domain method, a periodic train of pulses is 
applied to a material sample of known thickness using an antenna connected to a pulse 
generator and is received by an identical antenna connected to a digital sampling 
oscilloscope. While in the frequency domain, sinusoidal signals are used instead of pulses 
and a Vector Network Analyzer (VNA) with an antenna connected to each of its two ports 
is used to perform sweep frequency measurements. Additionally, when extracting wall 
parameters like dielectric constant and loss tangent, a variety of methods are employed 
together with the time domain or the frequency domain techniques. Such methods can be 
sampled methods like coaxial or transmission line methods or they can be in-situ methods 
(e.g free-space radiated measurements). 
In this work, a free-space radiation frequency domain technique is employed. The 
VNA provides higher dynamic range than time domain equipment and also there is no 
need for synchronization between transmitter and receiver as is the case with the time 
domain technique. Also, the frequency domain technique allows for ease of application of 
a wide variety of noise reduction schemes. We performed the free-space radiated 
measurements for both transmission and reflection. There are several reasons for this: 1. 
Measurements using free-space procedures are contactless and nondestructive. 2. Cavity 
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and wave guide methods require that sample materials be machined properly to fit the 
cavity and/or waveguide cross-sections with negligible air-gaps. This requirement affects 
the accuracy of measurements for materials that cannot be machined precisely. 3. Some 
materials are inhomogeneous in structure due to variation in manufacturing processes. 
Because of this, unwanted higher order modes can be excited at the air-dielectric interface 
in the waveguide and cavities. 4. Characterization using free-space radiated measurements 
matches the configuration of the final application for which the experiments are carried 
out, which is communications and radar. 
3.2 The Measurement Setup 
This section details the description, the experimental setup (including accessories) for 
both transmission and reflection measurements, and the contribution of each to the 
measurement results. 
3.2.1 Component Selection 
Table 3.1 summarizes the hardware used to build the through-wall UWB localization 
setup and Figure 3.1 shows their pictures. Each of these components is then further 
described in the following headings. 
The Vector Network Analyzer System 
Vector network analyzer systems measure the magnitude and phase characteristics of 
networks and of components. The system consists of the source, the s-parameter test set, 
the vector signal processor display. Together these comprise a complete response system  
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TABLE  3.1: Measurement setup equipment description 
Equipment Description 
Network Analyzer System 
HP 8510C Network Analyzer with 83621B RF source and 8514B S-
parameter test set 
Antenna Pair of broadband horn antennas (1 – 18 GHz) JXTXLB – 10180 
Amplifier Low-noise amplifier (1 -18 GHz) with SMA female LA1018N3209 
Cables 
Times Microwave StripFlex low loss high performance coaxial cable 
(1 – 18 GHz) 
Tripod Tripod for broadband horn antennas 
Connectors Two N-Type female to SMA male for connecting to amplifier ports 
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that provides stimulus to the device under test and measures the signal transmitted 
through the device or reflected from its input. 
The Network Analyzer System we used operates between 45 GHz and 20 GHz. The 
dynamic range is given in Table 3.2 below 
TABLE  3.2: Network analyzer specifications [Agi00] 
 0.045 – 2 (GHz) 2 – 8 (GHz) 8 – 20 (GHz)
Maximum power (at port 2) +20dBm +11 dBm +10 dBm 
Reference power (at port 1) +2 dBm -2 dBm -6 dBm 
Minimum power (at port 2) -66 dBm -95 dBm -95 dBm 
 
Antenna 
The antennas used were a pair of broadband TEM horn antennas operating between 1 – 18 
GHz. The specifications are shown in the Table 3.3 below. A TEM horn uses TEM wave 
propagation having a velocity that is constant for all frequencies. At the horn throat, all 
frequencies generated arrive at the aperture together, and a wideband pulse is transmitted 
from the aperture. An antenna aperture is a measure of how big a piece of an incoming 
wave front an antenna can intercept. Horns are regarded as constant aperture antennas 
because the aperture remains fixed with frequency, thus the transfer function in transmit 
will be linear with frequency, while the transfer function on receive is constant. As 
frequency f increases, the size of this aperture in units of wavelength increases as f 
2
. This 
narrows the pattern and increases the antenna gain as f2.This is particularly desired on the 
receiver side as it adds directly to link performance [Gre03]. 
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Wideband antennas provide propagation information over a wide bandwidth, 
making it easy to identify and eliminate effects of unwanted reflections in time domain by 
way of time gating. Horn antennas are directional and are therefore useful in clutter 
reduction and enhancing overall system performance. This also, makes them useful in 
time domain gating. 
TABLE  3.3: Antenna specification 
Manufacturer Chengdu Ainfo Inc. China 
Part Number JXTXLB – 10180 
Frequency range 1 – 18 GHz 
Gain (Typical) 11 dBi 
Polarization Linear 
VSWR (Typical) 2.0:1 
Size 241mm x 160mm x 240mm 
Net Weight 1.38 kg 
 
The manufacturer test results for the antenna showing the gain and VSWR are shown in 
Appendix A-I. 
Amplifier 
The maximum output at the port of the HP8510C network analyzer is +17 dBm. Using 
path loss formula free space measurements with the wideband horn antenna at 18 GHz 
and antenna separation of 1.8 m, we have  
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= - 62.6 dB 
There is a maximum cable insertion loss of 2.2 dB per meter [Dyn05] at 18 GHz giving 
16.5 dB for total length of our cables (7.5 m). The loss was computed to be around 79.1 
dB. Therefore, an amplifier on the transmitter was required to have sufficient gain and 
input power levels to achieve a reasonably high transmit power. Based on these 
requirements and limitations, a low noise amplifier with specifications given in Table 3.4 
was used. The amplifier is required to exhibit constant good gain and phase responses 
over the band of interest. 
Cables 
Long cables connecting the S-parameter test set ports to the transmitter and/or receiver 
generally create a major limitation, because at high frequencies cable losses increase 
exponentially, causing a significant reduction in the dynamic range.  The cables used for 
the measurement are labelled and the lengths are indicated in Table 3.5 below. The cable 
losses are also measured and the plots are shown in Figure 3.2. Table 3.6 also summarizes 
the general characteristics of the cables. 
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TABLE  3.4: Amplifier specifications [A-INF] 
Manufacturer Chengdu Ainfo Inc. China
Part Number LA1018N3209 
Frequency range 1 – 18 GHz 
Gain  Min: 28 dB, Max: 36 dB 
Noise Figure Max: 4.5 dB 
Pout @ 1 dB Min: +9 dBm 
Flatness Max: +/- 2.2 dB 
IP3 18 dB (typical) 
VSWR 2.2 
Current (+12V) 250 mA (typical) 
Connector SMA female 
Net Weight 0.075 kg 
 
TABLE  3.5: Length of cables used in the measurement 
Cable Label Length (meters)
A 1.5 
B 1.5 
C 4.5 
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TABLE  3.6: General cable characteristics 
Manufacturer Times Microwave 
Catergory Stripflex 
Model SF-142B 
Description Flexible 
Impedance 50 Ohms 
Max. Operating Frequency 18 GHz 
Cut-Off Frequency 34.1 GHz 
Nominal Impedance 50 Ohms 
Nominal Velocity Of Propagation 70.7 % 
Nominal Delay 1.44 Ns / feet 
Maximum Operating Voltage 1,879 VRMS 
Maximum CW Power Rating 85 Watts at 18.0 GHz 
Maximum Return Loss  -20 dB at 18.0 GHz 
Maximum Insertion Loss 75.1 dB / 100 feet at 18.0 GHz 
Nominal Insertion Loss 68.3 dB / 100 feet at 18.0 GHz 
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Figure  3.2: Losses in the cables used 
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Connectors 
The frequency range of any connector is limited by the excitation of the first circular 
waveguide propagation mode in the coaxial structure. Decreasing the diameter of the 
outer conductor increases the highest usable frequency; filling the air space with dielectric 
lowers the highest usable frequency and increases system loss. Performance of all 
connectors is affected by the quality of the interface for the mated pair. If the diameters of 
the inner and outer conductors vary from the nominal design, if plating quality is poor, or 
if contact separation at the junction is excessive, then the reflection coefficient and 
resistive loss at the interface will be degraded. As the interface between instruments, 
cable, DUT, test fixture, the connector is a critical element in achieving good 
measurement results. Connectors may look mundane, but they are fragile, precision-
machined components and are highly sensitive to care in handling [Hie08]. 
An adapter with N – Type-to-SMA connector was used to connect the cables to 
the amplifier. N – Type is one of the most common RF connectors in use around today. It 
is a high performance connector designed by Bell Labs in the 1940’s. The N connector is 
rugged, relatively inexpensive and the standard version is capable of mode-free operation 
to 11 GHz with precision versions supporting up to 18 GHz. The SMA was originally 
intended for use on semi-rigid coaxial cable and later for flexible cable. SMA operates up 
to 18 GHz with the precision versions extending the upper frequency limit to 26.5 GHz 
[Han09]. 
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3.2.2 Calibration  
A measurement calibration procedure transfers the accuracy of the calibration standards 
(Open, Short, and Load) to the measurement of the device. Since the response of the 
standards is known to a high degree of accuracy, the system can measure one or more 
standards, then use the results of these measurements to provide data to algorithms which 
process the measured data for display. This process is called measurement calibration, 
accuracy enhancement, or error correction [Agi01]. 
A Full 2-port measurement calibration was performed in our case because it 
provides the best magnitude and phase measurement accuracy. The four calibration 
standards used are shielded open circuit, short circuit, a load and a thru. This model 
provides full error correction of directivity, source match, reflection and transmission 
signal path frequency response, load match and isolation for S11, S21, S12, and S22. 
Our measurement also has an inherent calibration in that the procedure involves 
performing a ‘free-space’ reference measurement and a ‘through wall’ measurement using 
the exact setup. Any errors in the reference measurement will be cancelled by the second 
measurement. 
3.2.3 The Sample Materials 
Three typical building materials were used as wall sample for characterization. These are 
wood, gypsum and glass. Table 3.7 shows the materials and dimensions of each.  
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TABLE  3.7: Wall materials showing dimensions 
Material Dimension (cm) 
Wood 1.8×122×245  
Glass 0.8×122×242 
Gypsum Board 1.2×120×240 
 
3.3 Measurement Procedure 
As mentioned earlier, the frequency domain technique was employed. This technique is 
described in section 2.3. For the purpose of wall characterization, a HP8510C Vector 
network analyzer with two-port S-parameter test set was used and each data point 
obtained from the measurement is in a complex form represented by a magnitude and a 
phase term. The maximum number of points obtained by the HP8510C VNA is 801.  
The output of the network analyzer port 1 is fed through a 1.5 m cable to a 
wideband power amplifier; another 1.5 m cable is connected to the amplifier output to a 
wideband antenna mounted on a tripod. An identical antenna mounted on a similar tripod 
stand is used as a receiving antenna. The receive antenna output is fed through a 4.5 m 
cable to the network analyzer port 2.  
The device under test (DUT) is the sample wall material and it was chosen to be 
quite large enough to cover beam footprint at any incident angle in order to avoid edge 
diffraction and scattering. Also its thickness was large enough to provide considerable 
delay, which should be greater than the incident pulse width, to enable distinguishing 
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between multiple reflections inside the wall. Time gating can further be used to extract the 
main required pulse, and eliminate all delayed pulses due to multiple reflections in the 
wall. On the other hand, if the wall is too thick, it can severely attenuate the signal. 
To characterize the walls, transmission and reflection measurements are conducted 
to obtain the insertion loss function in terms of magnitude and phase. This information is 
further used to correct the position estimation of a target behind the wall as we will see 
later. 
3.3.1 Transmission Measurements 
This method uses a wave that is sent by a transmitting antenna, propagates through a 
material of some thickness and is captured by a receiving antenna. The material under test 
is assumed to be the two-port device (DUT) with an overall transfer function which 
relates the output pulse to the input excitation pulse [Aur96]. The transmission 
measurement also allows for measuring both the attenuation and dispersion through the 
wall samples. 
Two measurements are performed in this case. A ‘free-space’ measurement 
performed with empty space between transmitter and receiver, and a ‘through-wall’ 
measurement conducted with a ‘wall’ material inserted between the two antennas as 
depicted in Figure 3.3. The transmitter and receiver antennas are aligned for maximum 
signal reception. The wall material is placed at exactly midway between the antennas so 
that the wall is in the far-field region of each antenna, i.e. the separation distance between 
the antenna and the wall should be large enough to ensure far-field or Fraunhofer region 
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approximation where the antenna radiation pattern is independent of the separation 
distance, and the electromagnetic field incident on the wall is essentially a plane wave. 
To achieve this, the Fraunhofer distance, fd  in this case, given as 

22 a
f
D
d   
must be much greater than both the largest physical linear antenna dimension Da, and the 
wavelength ߣ. For the pair of antenna used, Da is 0.241 m, and the corresponding far field 
distance at 18 GHz is 6.9 m. However, a few practical issues limited applying the far field 
approximation. First, at the time of performing these measurements, an anechoic chamber 
was not available, which would have allowed a considerable reduction of multipath effect. 
Therefore, the measurement was performed in a lab which contains fixed tables and other 
sources of multipath. Secondly, the available cables are a bit long and signal loss 
increases with distance and frequency, thus, amplifiers are needed on both the transmit 
and receive sides of the setup. However, the available amplifier has 30 dB gain and the 
maximum input power the ports of the HP8510C VNA system is +17 dB. So as not to 
damage the VNA, only one amplifier was used, which is on the transmitter side as 
mentioned earlier. In order to compensate for a weak received signal and stay clear of 
multipath, while ensuring the accuracy of the results, two actions were carried out. First, 
the distance to wall from the antenna was reduced to less than the far field approximation 
such that received signal strength is increased and edge diffraction from the wall is 
reduced. Next, time gating is performed to remove the effect of reflections from the floor 
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and tables around.     
The wall effect is based on extracting the complex dielectric constant from the 
measured insertion transfer function obtained as the ratio of two transmit signals given as 
[Muq03a] 
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where )( jEi is the incident wave, )( jEt is the transmitted wave through the wall, and 
)( jE fst is the free space transmitted wave. The scattering parameter related to the 
insertion transfer function in this case is given as 
0)()(21
 jejHjS        (3.3) 
The terms )( jX fst  and )( jX t  are ‘free-space’ reference and ‘through-wall’ frequency 
domain signals obtained in the absence and presence of the wall respectively. The ‘free-
space’ measurement is used as reference to take care of the effects of components other 
than the wall. Assuming a fictitious layer of free-space of the same thickness as the wall, 
then the propagation delay through this layer is cd0  where d is the layer thickness 
and c is the speed of light in free space. Extra caution should be taken to make sure that 
exact setup is used to perform both experiments in order to avoid measurement 
inconsistencies. 
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3.3.2 Reflection Measurements 
In reflection experiments, a metallic reflector, aluminum whose reflection coefficient is 
close to unity was used for reference measurements. Two measurements are conducted 
here also as with the transmission measurements, but in this case, both antennas are 
positioned on the same side of the wall as shown in Figure 3.4. The reference signal is 
obtained with only the aluminum plate in place. While the second is performed with the 
wall pressed against the aluminum sheet. To enable us use the same model with that of the 
transmission measurements in computing the dielectric constant, the wall thickness is 
assumed to be twice the original size. This is because in the reflection experiment, the 
signal propagates through the wall twice before arriving at the receiver, i.e., when it goes 
from transmitter through the wall to the aluminum sheet and when it is reflected by the 
aluminum sheet goes through the wall to the receiver. In addition, for the model to work 
for reflection, we considered only normal signal incidence on the wall. The reflected wave 
only changes its polarity undergoing a 180° phase change. Care was taken to ensure that 
there are minimum air gaps between the aluminum sheet and the wall samples. The 
antennas were arranged one above the other with receiver being above at a distance of 1 m 
from the floor, and are conveniently spaced apart to reduce coupling. A separation 
distance of 0.26 m was found to be convenient and the received signal was good.  
3.4 Analysis Method 
The free-space and through-the-wall measurements would be most accurate if performed 
inside an anechoic chamber, which absorbs all multipath components and reflections from 
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the floor and the ceiling. Ideally, to avoid scattering from the edges, the sample wall to be 
measured should be infinitely wide. Also, samples under test have to be in the far-field 
regions of transmit and receive antennas, typically several meters for the frequency range 
of interest and dimensions of the antennas used. Maintaining these requirements is not a 
convenient task, keeping in mind that absorbers and chamber environment do not allow 
easy movement of large samples. Fortunately, time gating can be used to significantly 
reduce the undesired effects such as scattering from edges and reflections from 
surrounding walls. For time gating to be efficiently implemented, three conditions have to 
be met. First, the transmit and the receive antennas should be positioned away from the 
reflecting surfaces. Second, samples should have relatively large surface dimensions in 
order to minimize the edge effects. Finally, there should be flexibility in adjusting the 
distance between the antennas and the sample.  
Time gating can also be used to isolate a desired portion of the received signal; 
namely, the first single-pass of the signal transmitted through the wall. In this application, 
the sample thickness should be large enough to yield sufficient delay. Thus, the  first 
pulse can easily extracted, and all delayed pulses due to multiple reflections inside the 
wall can be removed. 
3.4.1 Single-Pass Technique 
The single-pass technique can be used if the portions of the signal due to multiple 
reflections inside the wall are either negligible or can be eliminated by means of time 
gating. We assume that the wave is normally incident on the material surface and the 
duration of the pulse is smaller than the pulse travel time through the material. The 
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derivations pertaining to the single-path propagation analysis are available in the appendix 
of [Muq03b]. Assuming low loss, the resulting dielectric constant becomes real-valued. 
The results are summarized below: 
2 2
0 0
( )( ) 1( ) 1 1
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sp
r
d fff
df
  
                  (3.4) 
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H f
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               (3.5) 
where ( ) | ( ) | exp[ ( )]sp sp spH f H f j f   is the single-pass insertion transfer function. It is 
the ratio of the Fourier transform of the single-pass received signal when the slab is in 
place to the Fourier transform of the received signal in the absence of the wall. It should 
be noted that the derivative term ( ) /spd f df  in (3.4) is based on the assumption that the 
phase varies linearly with frequency. The advantage of using the derivative of the phase is 
to avoid tracking the unwrapped phase function. As a function of the unwrapped phase, 
the dielectric constant is given by 
2 2
0 0
( )( )( ) 1 1
2
sp
r
fff
f
  
                    (3.6) 
3.4.2 Multiple-Pass Technique 
If the single-pass signal cannot be gated out satisfactorily, multiple reflections from the 
wall interior that constitute part of the received signal must be considered. This situation 
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particularly arises when the transit time through the thickness of the wall is small 
compared to the pulse duration. In this case, an insertion transfer function that accounts 
for multiple reflections of a homogenous wall is needed. The model to be presented can 
be used to determine the complex dielectric constant from the measured insertion transfer 
function. 
To obtain an expression for the insertion transfer function )( jH , we assume a 
plane wave normally incident on a dielectric wall of thickness d   and permittivity 
'''
rrr j  , as depicted in Figure 3.3(b), establishes a reflected wave in region I (air), a 
set of forward and backward-traveling waves in region II (wall), and a transmitted wave in 
region III (air). Using electric and magnetic field expressions and boundary conditions for 
the electric and the magnetic fields at the wall – air interfaces, the transmission coefficient 
which is equivalent to 21S  in scattering parameter terminology is readily obtained as 
[Muq03a].  
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Based on the definition of insertion transfer function given in (3.2), 
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Thus, 
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where  
ooo   ,  
)( ''' rroo jjj    
ooo    
'''
rro j   
A multi-pass transfer function is obtained that accounts for all the transmitted 
waves including the ones resulting from multiple reflections within the wall. Equation 
(3.9) can be solved for the dielectric constant when the insertion transfer function H(jω) is 
obtained by measurements as described in Section 3.3. It should be noted that equation 
(3.9) is a complex equation and its numerical solution requires two-dimensional root 
search algorithms.  
Assuming the wall occupying region II is low loss, the relation 1''' rr   is 
satisfied, allowing considerable simplifications to be made, and 'r and ''r  to be obtained 
from separate real expressions. The benefit of the simplified solution is that, instead of 
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time-consuming two-dimensional root search techniques, only a one-dimensional root 
search needs to be implemented. The following approximations can be made [Muq03a] 
 j  
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and (3.9) becomes 
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Rewriting the transfer function in terms of magnitude and phase, we get 
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and 
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In a compact form, (3.13) can be put as 
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when Xe d  2 , then 
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Only the solution with the negative sign is valid. Substituting for X from (3.17) into (3.14) 
we get an equation which is only in terms of 'r .  
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Solving this equation numerically, 'r  is readily determined. X and   are then found from 
(3.17). Finally, ''r  is calculated using 
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3.5 Wall Parameter Calculation 
This section details the signal processing procedures used to extract the wall parameters 
from the measurements. Recall that two measurements are carried out in each experiment; 
a ‘reference’ measurement and a ‘through’ measurement. Figure 3.5 summarizes these 
procedures. 
3.5.1 Data Acquisition 
Using the frequency domain technique, 801 complex data points representing magnitude 
and phase information are obtained over a frequency range of 1 – 18 GHz. This is the 
maximum number of data points that can be obtained over a given frequency range on the 
HP8510C network analyzer. This data is acquired and converted to files readable by 
MATLAB.  
3.5.2 Un-gated Insertion Transfer Function, Time delay and Initial guess of 
permittivity 
The un-gated insertion transfer function is obtained by dividing the through wall data by 
the reference data. A finite impulse response filter of order 100 is then used to remove the 
noise at the low frequencies and those beyond the antenna bandwidth. The frequency 
domain signals are then converted to time domain using inverse fast fourier transform to 
get the impulse responses. Zeros are padded for higher time domain resolution. Figure 3.6 
shows the magnitude, phase, un-gated insertion transfer function, and the impulse 
responses for the ‘reference’ and ‘through’ signals.  
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The impulse responses obtained from frequency-domain measurements are 
correlated using a sliding correlator to obtain the first guess on the delay and effective 
dielectric constant. An estimate of the average dielectric constant could also be obtained 
through peak-to-peak impulse time delay,  . This average dielectric constant, which 
does not reflect the frequency dependence, is given by 
2
' 1 

 
cdr

     (3.20)
 
where d  is the wall thickness and c  is the speed of light in free-space. 
3.5.3 Time Gating 
In the absence of an anechoic chamber, multipath components, multiple reflections in the 
wall, and reflections from the floor, ceiling and other structures become a threat to the 
measurement accuracy. In order to reduce this effect of multipath, time gating is used to 
selectively remove or include the undesired responses in time. The remaining time domain 
responses can then be transformed back to the frequency domain with the effect of the 
‘gated-out’ responses being removed. The delayed signals can be filtered out by imposing 
a window function over the dominating signal that is identified to be the desired one. In 
our case, this window is based on the modified Kaiser window [Muq03b] where the 
parameter   controls the amount of roll-off of the window function. Note however that, 
wall parameters are independent of the type of window used. We used a   of 20 and 
adjusted the window parameters (rise time, fall time and width) in order to obtain accurate 
values for the wall parameters.  
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Figure  3.5: Chart for characterizing obstructed measurements 
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The associated ‘reference’ and ‘through wall’ frequency domain signals are then 
recovered using fast fourier transform and equation (3.2) is used to obtain the insertion 
transfer function. Figure 3.7 shows the window, and in Figure 3.8 an un-gated time 
domain waveform with a window, and time domain gated waveform after applying the 
window are shown. 
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Figure  3.6: Frequency domain measurements (a) measured magnitude, (b) measured Phase, (c) filter and 
filtered un-gated insertion transfer function, (d) impulse responses. 
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Figure  3.7: The gating window 
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(a) 
                                     
(b) 
Figure  3.8: (a) Un-gated time domain signal with window, (b) gated time domain signal 
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3.5.4 Wall (material) Parameters 
Both magnitude and phase information are needed for accurate characterization of walls. 
The dielectric constant, loss tangent and attenuation constant for the sample materials are 
calculated. The multiple-pass technique from [Muq03a] using the one-dimensional search 
is employed. The dielectric constant and loss tangent are obtained from the insertion 
transfer function (See equations 3.17, 3.18, & 3.19).  
3.6 Measurement Results 
This part of the work presents and discusses the results for the wall characterization 
experiments. As mentioned earlier, transmission and reflection measurements were 
conducted on three different wall materials including wood, glass and gypsum. Wall 
parameters namely, dielectric constant, insertion loss, attenuation constant and loss 
tangent were extracted for the given materials. Results for both transmission and 
reflection measurements indicate a close agreement with each other, and also with results 
found in the literature. 
We further considered effect of multiple walls, including double walls, when we 
have air gap between the walls, and the effect of varying the thickness of this air gap. 
Triple wall scenarios were also investigated. Repeatability and variability analysis were 
conducted to evaluate the measurement precision. 
3.6.1 Transmission Measurements Results 
Results obtained from transmission measurements for the magnitude of the insertion 
transfer function calculated from equation (3.2) are shown in Figure 3.9 for the three 
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materials. Both the measured raw data of the transfer function and their fits are shown in 
Figure 3.9 (a) and (b) respectively. Wood shows a higher loss as expected with up to 6 dB 
loss at 18 GHz attributed to its composition and thickness. We also can observe the 
‘wiggling’ in the glass curve which is related to its small thickness; therefore errors are 
bound to occur. 
In Figure 3.10, the extracted dielectric constants are given for each material. 
Erroneous data have been removed from the results as seen at around 16 GHz (see Figure 
3.13 for erroneous data). We relate this issue to the spectral limits of the antenna as 
indicated by the null at around 15.5 GHz – 16 GHz in Figure 3.6(a) and is more 
pronounced for reflection-type measurements as will be seen later in Figure 4.5(a).This 
means that, at that frequency, very little signal is transmitted. This problem is also 
reflected in the antenna test results (see Figure A2) by the numerous large side lobes in 
the antenna pattern starting from around 15 GHz. The results for the antenna gain also 
showed a loss of 4 dB from 14 dB at 13 GHz to 10 dB at 16 GHz. This has manifested on 
most of the results including those from reflection measurements if we observe. Because 
of the presence of noise in the data, the one-dimensional algorithm uses a search that is 
bounded (minimum constrained search) to enable it converge. An initial guess is taken for 
the dielectric constant from equation (3.20) and the solution obtained is used as an initial 
guess for the next point till all frequency points are solved. Figure 3.10(b) also shows 
quadratic fits for the dielectric constants. The coefficients for these fits can be found in 
Table 3.8. All three materials have uniform structure, therefore, examining Figure 3.10, 
we see that the dielectric constants, in the average sense; exhibit a decreasing trend with  
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(b) 
Figure  3.9: Transmission insertion transfer function versus frequency for different walls, (a) 
Measured, (b) Fits to measured data 
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frequency. Glass shows a slightly more negative slope and this is because dielectric 
constants tend to be higher at low frequencies. 
As mentioned earlier, the loss tangent and dielectric constant were derived from 
the insertion transfer function using the low-loss analysis method (one-dimensional root 
search). In Figure 3.11, the loss tangents are shown. It is worthy of note that for most 
materials, measuring the loss is more difficult than measuring the real part of the complex 
permittivity [Gey90].   
The attenuation constant in dB/m, is calculated from equation (2.14) where the 
unit is in Nepers/m (Np/m) using the following, 
)/(686.8)/()log(20)/( mNpmNpemdB      (3.21) 
Figure 3.12 shows the attenuation constants for wood, glass and gypsum board. This 
indicates the attenuation of the field strength as it passes through the media. The 
attenuation constant for wood increases roughly linearly with frequency, from around 60 
dB/m at 4 GHz, to 250 dB/m at 16 GHz.  
TABLE  3.8: Coefficients of linear and quadratic fit for the extracted parameters 
 
Coefficients of linear (Figures 3.8(b), 3.10(b), 3.11(b)) or quadratic fits (Figures 3.9(b), 3.13(b)) to 
extracted the parameters – af + b or af2 + bf + c, f(GHz) 
Wood Glass Gypsum 
 a b c a b c a b c 
Insertion transfer 
function -0.245 -0.785 -- -0.0424 -1.687 -- -0.0175 -0.4615 -- 
Dielectric 
constant 
(transmission) 
0.0016 -0.056 3.1565 -0.910 8.0396 -- 0.00081 -0.0257 2.827 
Dielectric 
constant 
(reflection) 
-0.000945 -0.091 4.1995 -0.0066 -0.028 7.4192 -0.0013 -0.009 3.422 
Loss tangent -0.000906 0.119 -- -0.000903 0.0273 -- 0.007+0.0003i -0.093-0.002i -- 
Attenuation 
constant 14.91 12.78 -- 3.3662 16.774 -- 3.589-0.7i 11.4+4.1i -- 
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(a) 
 
 
(b) 
 
Figure  3.10: Transmission: dielectric constant versus frequency for different walls  
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(a) 
 
 
(b) 
Figure  3.11: Transmission: Loss tangents versus frequency for various walls 
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(a) 
 
       
(b) 
 
Figure  3.12: Transmission: attenuation constant for the different walls 
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(a)          (b) 
(c)          (d) 
Figure  3.13: Showing Erroneous data points for; (a) Transmission-insertion transfer function, (b) Transmission-dielectric constant, (c) Reflection-
insertion transfer function, (d) Reflection-dielectric constant 
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3.6.2 Reflection Measurements Results 
The same model was used to compute the wall parameters for the reflection 
measurements. In section 3.3, we indicated that the procedure for carrying out the 
reflection experiments was slightly different from that of transmission because both 
antennas are collocated on the same side of the wall, and to enable the use of the same 
model for characterization, the wall thickness is assumed to be twice the original size. 
This is because the signal has to propagate twice through the wall before arriving at the 
receiver. 
The dielectric constant is shown for wood, glass and gypsum, in Figure 3.14. 
Calculating the dielectric constant and hence, the loss tangent for glass from the reflection 
measurements was difficult because of the multiple reflections arriving at the receiver at 
the same time from the glass surface, the aluminum sheet behind it, and from internal slab 
reflections making time gating difficult. In particular, a large part of the signal is reflected 
from the glass surface even before passing through the wall. This has also made getting 
the first estimate of the dielectric constant from equation (3.20) using peak-to-peak delay 
difficult. Thus, the root search algorithm will not converge properly leading to false 
solutions as indicated by the peaks in the dielectric constant for glass given in Figure 
3.14(a). Consequently, the attenuation constant and loss tangent are also affected as 
shown in Figure 3.16(c) and (d) respectively. 
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(a) 
 
(b) 
Figure  3.14: Reflection: Dielectric constant versus frequency for the three materials 
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3.6.3 Between Transmission and Reflection 
Having mentioned that the same model was used in calculating the dielectric constant for 
both transmission and reflection measurements, it should be noted that in both cases only 
normal incidence was considered. In reflection however, the phase of the signal is shifted 
180°. In Figure 3.15, results for transmission and reflection obtained for wood sample are 
shown. We can observe a close agreement between the results for the two methods. Some 
of the inconsistencies are as a result of sources of errors like the far-field (see section 3.9) 
or remaining air-gap between aluminum and wall sample. Figures 3.16 and 3.17 shows 
result comparison for glass and gypsum respectively. Plots for insertion transfer function 
are showing its magnitude in dB. 
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(a)          (b) 
(c)           (d) 
Figure  3.15: Comparing transmission and reflection results for wood; (a) insertion transfer function, (b) dielectric constant, (c) attenuation 
constant, (d) loss tangent 
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(a)            (b) 
(c)           (d) 
Figure  3.16: Comparing transmission and reflection results for glass; (a) insertion transfer function, (b) dielectric constant, (c) attenuation 
constant, (d) loss tangent 
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(a)           (b) 
(c)          (d) 
Figure  3.17: Comparing transmission and reflection results for a gypsum (a) insertion transfer function, (b) dielectric constant, (c) attenuation 
constant, (d) loss tangent 
 
0 2 4 6 8 10 12 14 16 18
-10
-8
-6
-4
-2
0
2
Gypsum
Frequency, GHz
I
n
s
e
r
t
i
o
n
 
T
r
a
n
s
f
e
r
 
F
u
n
c
t
i
o
n
,
 
d
B
 
 
Transmission
Reflection
0 2 4 6 8 10 12 14 16 18
0
1
2
3
4
5
6
Gypsum
Frequency, GHz
D
i
e
l
e
c
t
r
i
c
 
C
o
n
s
t
a
n
t
 
 
Transmission
Reflection
0 2 4 6 8 10 12 14 16 18
0
50
100
150
200
Gypsum
Frequency, GHz
A
t
t
e
n
u
a
t
i
o
n
 
C
o
n
s
t
a
n
t
,
 
d
B
/
m
 
 
Transmission
Reflection
0 2 4 6 8 10 12 14 16 18
-0.2
-0.1
0
0.1
0.2
Gypsum
Frequency, GHz
L
o
s
s
 
T
a
n
g
e
n
t
 
 
Transmission
Reflection
80 
 
3.7 Comparison with Literature 
To measure the accuracy of the results, we compare them to what is obtained in the 
literature. Table 3.9 summarizes comparison between our data and published results. 
These comparisons clearly indicate that the results for the dielectric constant of materials 
tested are relatively accurate. However, the accuracy of loss tangent, conductivity or ''r  is 
less certain. This uncertainty is also widely reflected in reported data. For instance 
[Sag04] reported a mean dielectric constant of 4.45 for gypsum which is entirely different 
from 2.42, 2.4, and 2.25 reported by [Cui01], [Muq05], and [Tes07a] respectively. Also, 
[Cui01] gave a conductively of 0.35 S/m for glass, which is significantly different from 
10-12 ohm-1m-1 given in [Vae88]. (Note that conductivity and loss tangent are related by 
the expression  tan'ro  where '''tan rr   ). We should however, understand 
that the same materials used by different researchers may vary in composition and sizes, 
and therefore differences in the results are expected. In general, we believe our results are 
relatively accurate even with presence of certain limitations (see sources of error in 
section 3.9) to our measurements. It should also be noted that in many cases the insertion 
loss of a wall is largely due to reflection and much less due to absorption of the signal, so 
inaccuracies in the loss tangent does not have a major impact on path loss evaluation 
[Muq05]. 
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TABLE  3.9: Results comparison with literature 
Wall Results 
Wood Literature [Sag04], [Sag05] reported a mean value of 'r = 3.22 for dielectric constant at 8 – 12 GHz and ''r = 0.31 for imaginary part of 
complex permittivity corresponding to loss tangent of 0.096. [Vae88] calculated dielectric constant for X- Band frequency to be 
between 3 and 7. Also reported a  = 10-12 ohm-1/m. 
Our Findings From Figure 3.10, we read an average value of 'r  = 3.0 at 8 – 12 GHz for transmission measurements and an average of 3.2 
from Figure 3.14 for reflection measurements. Figure 3.11 shows a loss tangent of 0.11 at that frequency range. In Figure 3.14, 
our result for dielectric constant using reflection measurements lie within 3 – 7 at a mean of 3.5. 
Glass Literature [Cui01] measured and reported a mean value of 'r = 6.06 at 5.8 GHz with a max value of 6.31 for the dielectric constant. They 
also measured conductivity to be 0.35 S/m. [Muq05] results showed 'r  value of 6.7 at 5 GHz for dielectric constant. [Ber00] 
provided a range for 'r from 3.8 – 8 at 3 GHz. [Tes07a] reported an average of 6.6 for dielectric constant and ''r  of 0.5005 
corresponding to a loss tangent of 0.075 in the X – Band range. [Vae88] reported a range of 5 -10 for dielectric constant of glass 
and a  = 10-12 ohm-1/m. [Wil02] reported 'r  of 6.38 for frequency range of 2 – 7 GHz and loss tangent of 0.026 
Our Findings At 5.8 GHz, Figure 3.16(b) reads a value of 'r  = 6.5 and 6.3 for transmission and reflection measurements respectively and we 
have a loss tangent of about 0.01 from Figure 3.11(a). Figure 3.10(a) reads a value of 6.2 for dielectric constant at 5 GHz. Our 
result for 'r   of glass at 3 GHz in Figure 3.14 is 7, which lies in the range 3 – 8. We have an average of 6.8 for dielectric constant 
in the X-Band from Figure 3.10(a). And in Figure 3.14(a) an average 'r  = 6.6 in the range of 9 – 11 GHz. Figure 3.16(d) shows 
an average loss tangent of 0.09 for transmission. Transmission measurements results in Figure 3.10(a) indicate a value between 
6.6 – 7.0 in the range 2 – 7 GHz. 
Gypsum Literature  In [Cui01], results show mean 'r = 2.02 with a max value of 2.42 for the dielectric constant. [Ali03] reported a value of 'r = 2.3 
for dielectric constant and  = 0.03 S/m. [Muq05] reported 'r = 2.4 for dielectric constant at 5 GHz and a loss tangent of 
0.005. [Tes07a] also reported 'r = 2.41 and a corresponding loss tangent of 0.01. 
Our Findings In Figure 3.10(a) a value of 2.7 can be read for dielectric constant using transmission measurement at 5.8 GHz. We also have 
between 4 GHz and 6 GHz an average value of 0.006 for the loss tangent from Figure 3.11. Again, Figure 3.10 shows 'r  = 2.6 at 
5 GHz and Figure 3.11 shows an average loss tangent of 0.025 in the X-Band frequency range. 
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3.8 Multiple Walls 
The main idea behind considering multiple wall characterization was to investigate how 
effects such as the penetration loss compare with that of a single wall. Since we are 
analyzing the wall transfer function, our experiments cascading two(three) different(same) 
wall materials together (to make one wall) gives us an insight on whether having 
information on a single wall will enable us predict and make decisions about the multiple 
walls. In this part of the work, we deal only with the insertion transfer function, so we are 
able to say how much loss, over the wide frequency band, is there in a single wood wall 
compared to that of double its size. Furthermore, in the multiple layer configurations, we 
compare the product of the single layer transfer functions to the transfer function of the 
cascaded multiple layers (overall transfer function). This arrangement is illustrated in 
Figure 3.21. Another arrangement investigated is when the double walls are spaced by an 
air-gap of varying sizes. The insertion loss through double walls spaced 5 cm and 10 cm 
apart were investigated. 
3.8.1 Double Layer 
A section of single wood and double glass walls are shown in Figure 3.18, Figure 3.18(c) 
shows a spaced double wall, while Figure 3.19 shows magnitude of the received signal, 
insertion transfer function and impulse response for single and double wood walls 
obtained from transmission measurements. The loss is higher at higher frequencies with 
up to 4.5 dB difference between single and double walls. For the effect of inter-wall 
spacing, no significant difference was observed for all the wall materials. Figure 3.20 
presents the results for wood. 
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(b) Single wood wall 
(a) Double glass wall 
(c) spaced wall: wood and 
gypsum 
air gap 
Figure  3.18: Wall configurations 
(d) Three layer: glass-wood-
glass 
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Figure  3.19: Results for double walls showing (a) magnitude of 
received signal (b) impulse response and (c) insertion transfer 
function for wood relative to free-space 
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(a) 
 
(b) 
Figure  3.20: Effect of inter-wall spacing – (a) magnitude, (b) impulse response for wood 
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3.8.2 Three Layer 
The three layer configuration for glass-wood-glass is shown in Figure 3.18(d). Figure 3.22 
shows products of single layer un-gated insertion transfer functions plotted versus 
frequency compared with transfer function of cascaded three layers for wood-glass-wood 
and wood-gypsum-glass (see Figure 3.21 for illustration). Close examination of these 
plots shows that at frequencies from 5 - 10 GHz and from 12 – 18 GHz, they are in good 
agreement with each other. This will make us conclude that with information on a single 
wall, we can be able to predict that of multiple walls. 
 
                  
 
Figure  3.21: Block diagram of single layer and three layer insertion transfer functions 
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(a) 
 
 
 
(b) 
Figure  3.22: Three layer measurements 
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3.9 Accuracy Related Issues 
In this section, issues related to the outcome of the measurements such as sources of 
errors, and those concerning the validity of measurements like repeatability and variability 
analysis, are discussed.  
3.9.1 Sources of Error 
Antennas: The first major effect on the measurement is contributed by the antennas. This 
results from the inherent spectral limitations of the antenna as seen from Figure A2 in 
appendix A where several side lobes appear from around 15.5 GHz. We have also seen a 
direct consequence of this, where erroneous data points had to be removed from our 
results for the wall parameters. Another form of errors due to antennas is antenna 
alignment errors between free space and through wall measurements. An angular error in 
antenna pointing results in an error in the relative spectral content between the two setups 
and a corresponding error in the magnitude of the transfer function. That would then 
primarily affect the accuracy of the computed loss tangent versus frequency. In the low-
loss analysis method (Equation 3.17 – 3.19), an error in the computed dielectric constant 
will propagate into an error in obtained loss tangent because the loss tangent depends on 
both the insertion transfer function and 'r . This means also that the loss tangent error will 
be cumulative and more than in the dielectric constant or insertion transfer function. A 
related form of error is antenna – wall separation. Usually, a plane wave assumption is 
made in computing the wall parameters whereas, practical and physical limitations do not 
allow for far field approximation. The spherical-wave spreading error is minimized by 
moving the wall away from the antenna, but this reduces the signal strength and in turn 
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reduces the spectral content necessary for reliable characterization. It also increases the 
error due to wall edge effects. 
Cables and Connectors: As discussed in section 3.2, one of the cables (Cable C) available 
for our use was 4.5 m long. This constituted a major source of signal loss particularly at 
high frequencies (see Figure 3.2). Connector mismatch is also a major issue. Figure 3.23 
shows the effect (nulls at 2, 6.5 and 9.5 GHz) of connectors when Cable A, Cable B and 
Cable C are connected together using N – type to N – type female adapters to make one 
single Cable ABC. 
 
Figure  3.23: Effect of distance and connector mismatch 
 
Measurement setup and Lab environment: The arrangement of the wall setup particularly 
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reference plate causing reflections that affect the pulse shape. Edge effect as a result of 
diffraction at the sides of the wall is also another issue. Ideally, the measurements should 
be carried out in an anechoic chamber where reflections from the ceiling and the floor are 
absorbed. However, our measurements were carried out in a lab with many reflectors such 
as tables, metal cupboards and drawers, chairs, and lab materials like antennas, power 
meters etc. Though most of the effect of these items can be removed through calibration, 
others constitute series of random errors which cannot be easily removed by calibration. 
3.9.2 Repeatability and Variability Analysis 
Repeatability of measurements allows us obtain the same results for measurements taken 
at different instances of time for the same wall sample. This helps in evaluating the 
precision of the measurements. Measurements with high precision are said to be 
repeatable [Muq03b]. Figure 3.24 shows repeatability for a sample of wood (Wood 2). 
For this case, measurements were taken two times at different intervals. Observing the 
plots of the insertion transfer function and dielectric constant, we see that there are 
negligible differences between them. We can therefore conclude that the measurements 
are repeatable. 
Measurements are said to have low variability if they yield approximately the 
same results for different samples of the same material (Wood 1 & Wood 2). Here two 
different samples of wood are measured and the results are shown in Figure 3.24. On 
close examination of these plots, we will note that though there is some degree of 
variability between the two samples, the differences are quite minor. For wood, it could be 
attributed to moisture content of the samples. 
91 
 
 
Figure  3.24: Repeatability and variability analysis 
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CHAPTER 4 
4 WALL COMPENSATION 
4.1 Introduction 
UWB through wall radars have been of long-standing interest, as they have been used in 
military applications for several decades. Their large absolute bandwidth offers high 
resolution with improved ranging accuracy. They found applications in rescue missions, 
behind-the-wall targets detection, surveillance and reconnaissance, and a host of other 
applications. 
While penetrating through a material, an electromagnetic wave for through wall 
imaging and detection may change its speed significantly. This is closely related to the 
wall thickness and composition, its dielectric constant, and the angle of incidence of the 
wave. In addition to slowing down, the signal gets attenuated and undergoes refraction as 
it passes through the wall. It defocuses target image and displaces the target from its true 
position. False targets can also be present in the radar images. These effects are more 
pronounced for walls with higher dielectric constants or in presence of multiple walls 
between target and radar [Ahm07]. Wall compensation therefore, is when effort is being 
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made to correct the adverse effect of the wall on the outcome of the detection process so 
that the true target position can be obtained. 
In this chapter, we demonstrate wall compensation by using wall information 
obtained from the wall characterization to correct the position estimation of the target 
object. This is achieved through conducting some experiments. This work is not 
performing imaging of objects behind walls, but rather performing compensation for 
localization applications and demonstrates the advantage of wall compensation to reduce 
the positioning error.  
4.2 Measurement Setup and Procedure 
The experiments were performed using the same set of equipments used for wall 
characterization mentioned in chapter 3 including component connections and calibration. 
An aluminum sheet is used as the target object because it approximately reflects all the 
energy impinging on its surface. The procedure is described below: 
1.  The aluminum sheet (target) is put in front of both antennas (collocated on the 
same side) at a given distance (See Figure 4.1(a)). A transmitted signal from the 
transmitter is reflected by the aluminum and received by the receiving antenna. 
This is the reference measurement. (Note that throughout this chapter; we refer to 
measurements carried out without wall as ‘Target Only’.  
2. A wall is then inserted between the antennas and the target with some distance on 
both sides (Figure 4.1(b)). Another measurement is carried out. 
3. Steps 1 and 2 above were repeated for wood, glass, gypsum, and some multiple 
wall combinations. In each case, frequency domain responses are acquired. 
 
Figure  4.1: Target measurements
(a) 
(b) 
 - (a) ‘Target Only’ (No W
 
all) (b) ‘Target + Wall’ 
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4.3 Wall Compensation Methods 
Figure 4.2 shows the processed bandlimited time-domain impulse response from the 
target both with and without a wood wall. There are two main reflections in the case of 
the target behind the wall. The first (early) response (solid line) indicates a reflection from 
the wall surface. We can clearly see a delayed and attenuated response from the target 
when it is behind the wall represented by the second reflection. This delay translated into 
distance, corresponds to shift in the actual position of the target behind the wall. The 
dotted line represents the ‘Target Only’ measurement.  
Our task is therefore to compensate for this displacement by removing the effect of 
the wall on the response obtained from the target. This is achieved in three different 
methods: (1) Using constant amplitude and delay (CDL), (2) Using full frequency 
dependent raw data (FFD), and (3) Using fitted dielectric constant and fits to the 
magnitude of frequency dependent data (FIT). 
4.3.1 Constant Amplitude and Delay Compensation 
In constant amplitude and delay compensation, it is assumed that there is a constant 
amplitude attenuation due to the wall. It is also assumed that the delay is constant and 
thus, there is no frequency dependence. For each wall, we use the amplitude attenuation it 
incurred during wall characterization as ‘constant amplitude’ to compensate for the 
amplitude loss the same wall suffered in the target measurements. A similar approach is 
performed on the delay, and the time is corrected by a value equal to the delay the wall 
offered during the wall characterization measurements. Table 4.1 shows the constant 
values used for amplitude and delay. Figure 4.3 shows the compensated signal using this 
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approach compared with the response obtained without a wall for the case of wood, glass, 
and gypsum. The constant amplitude used information from transmission measurements, 
while the constant delay used is twice the value of the delay from transmission 
measurements. This is because the target measurement requires the signal to propagate 
twice through the wall. Delay from reflection measurements can also be used; however, 
the one from transmission gives better compensation.  
 
 
 
 
 
Figure  4.2: Reflections from target object with and without obstruction 
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(a) 
 
(b) 
 
(c) 
Figure  4.3: Illustrating compensation using constant amplitude and constant delay, (a) wood, (b) 
glass, (c) gypsum 
6 6.5 7 7.5 8 8.5 9 9.5
x 10-9
-4
-2
0
2
4
x 10-4
Time, sec
A
m
pl
itu
de
, V
 
 
Target Only
Target + With Wall
Compensated
7 7.5 8 8.5 9 9.5
x 10-9
-6
-4
-2
0
2
4
x 10-4
Time, sec
A
m
pl
itu
de
, V
 
 
Target Only
Target + With Wall
Compensated
7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
x 10-9
-5
0
5
x 10-4
Time, sec
A
m
pl
itu
de
, V
 
 
Target Only
Target + With Wall
Compensated
98 
 
TABLE  4.1: Showing constant amplitude and constant delay values used 
Wall Constant amplitude (scale) Constant delay (ns) 
Wood 1.44 0.08513 
Glass 1.24 0.0864 
Gypsum 1.104 0.0690 
 
4.3.2 Frequency Dependent Data Method 
In real life localization situations, the obstruction is usually there. What we have between 
the localization device and the target can be modeled as a cascade of components 
including the wall, free-space, target, etc (everything except the wall). Figure 4.4 shows 
this model. We can assume a total transfer function for this model to be given as  
 
EWWE HHH       (4.1) 
 
where   
WEH  is transfer function of everything including the wall 
WH  is insertion transfer function of the wall  
EH is the transfer function of everything except the effect of inserting the wall 
 
In order to be able to accurately determine the target’s position, the effect of the wall has 
to be removed by de-embedding the wall it from equation (4.1) by simply dividing the  
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Figure  4.4: Transfer function of the localization scene 
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total transfer function by that of the wall. This is achieved using our previous knowledge 
of the wall obtained from wall characterization. The steps used in achieving this are 
summarized below: 
1. Perform frequency domain measurements with and without wall as described in 
section 4.2, steps 1 & 2, to get response from: (a) target only (with no wall) and 
from (b) target behind the wall. The later scenario gives us the transfer function 
WEH  of everything including the wall. 
2. Use the insertion transfer function of the wall WH  obtained from previous 
knowledge (wall characterization) to divide WEH . This step de-embeds the wall 
from WEH  resulting in EH  (transfer function of everything except the effect of 
inserting the wall). This EH  is a compensated version of the first scenario (a) in 
Step 1 above. 
Figures 4.5 – 4.7 shows the result of using this method to perform wall compensation 
for our wood, glass, and gypsum walls respectively, both in frequency and time domain.  
It should be noted that because of the raw frequency domain data directly obtained 
from measurements, the presence of noise is major concern. Noise clearly manifests in the 
time domain after inverse Fourier transform is applied on the frequency domain data. 
Therefore, noise reduction is performed by filtering the noisy regions around 1 GHz and 
15.5 GHz in Figures 4.5(a) and 4.6(a) in the frequency domain before converting to time 
domain. Another point of emphasis is that, when using WH  from transmission 
measurements in performing compensation, the division is made twice, i.e. WEH  is  
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(a) 
 
 
(b) 
 
Figure  4.5: Wall compensation using raw data for wood sample in (a) frequency domain, (b) time 
domain 
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(a) 
 
 
(b) 
 
Figure  4.6: Wall compensation using raw data for glass sample in (a) frequency domain, (b) time 
domain 
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(a) 
 
 
 (b) 
 
Figure  4.7: Wall compensation using raw data for gypsum sample in (a) frequency domain, (b) 
time domain 
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divided by 2WH , and when using the transfer function from reflection measurements, 
WEH  is divided by WH . 
We can see from all the Figures that there is a close agreement between the 
compensated responses and the responses obtained from measurements performed without 
the wall. The advantage of this method over compensating with a constant delay and 
amplitude is that the pulse shape is corrected. In application like matched filter reception 
or correlation, pulse shape correction is very important. The advantage can be numerically 
illustrated using the energy capture.     
4.3.3 Data Fitting Method 
As a tradeoff between the above two methods, one can provide the parameters that model 
the magnitude of the insertion loss of the wall using a linear equation to reflect the 
frequency dependence of the magnitude of the transfer function. Higher order fits are also 
possible but not needed especially if the walls used are having some variability.  
In this method, a fit to dielectric constant whose coefficients are given Table 3.8 in 
chapter 3 is used to obtain an un-wrapped phase W  from equation (3.6). The delay o in 
(3.6) is still modeled with a constant value as in the case with Constant amplitude and 
delay method. The phase obtained is then used together with the fit to the magnitude of 
insertion transfer function (having coefficients in Table 3.8), to calculate a complex 
insertion transfer function  )(exp)()( fjfHfH WWW   representing the wall. We 
further use )( fHW to divide WEH  (transfer function of everything including the wall) as in  
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(a) 
 
(b) 
 
(c) 
Figure  4.8: Wall Compensation using fit to data for (a) wood, (b) glass, and (c) gypsum 
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equation (4.1) and Step 2 in sub-section 4.3.2 (Frequency Dependent Data Method). The 
result for compensation using this method is shown in Figure 4.8. Wood and gypsum 
show good wall compensation indicated by the similarity between the ‘Target Only’ and 
‘Compensated’ responses. 
In order to assess the accuracy of the methods mentioned above in achieving wall 
compensation, we will make comparison between results for ‘No Wall’ and that of 
‘Compensated’ (estimate) in order to get a measure of similarity between the two results 
for the methods. We also compare these results with the case where there is no 
compensation. The comparison will be in terms of the quantities delay (peak-to-peak) and 
energy capture (waveform shape). 
Peak-to-peak Delay 
This quantity is useful in positioning applications and can be used to give approximate 
errors in the true position of detected objects. Since time and distance are related by the 
expression 
 
 vs       (4.2) 
 
where 'rcv   is the velocity of the wave through the wall of dielectric constant 'r  , 
the speed of light, c = 3.0 × 108 and   is the peak-to-peak time delay incurred by the 
signal passing through the wall. The dielectric constant 'r  can be a value chosen at the 
mid-frequency range for the wall material under consideration. Table 4.2 provides 
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approximate errors in the position of the target due to the three different walls. It also 
shows approximate errors after compensation has been done for the three methods. For 
the purpose of Table 4.2, we refer to the three methods with the following abbreviations in 
parenthesis: Constant Amplitude and Delay (CDL), Frequency Dependent Data (FFD), 
Fitted Dielectric constants and Fits to Magnitude of Frequency Dependent Data (FIT), and 
‘No Compensation’ as (NC). 
Since time domain responses are used to demonstrate wall compensation, the 
peak-to-peak delay was used to find the error due to the wall by comparing the ‘Target 
Only’ and ‘Target +Wall’ responses. Similarly, the peak-to-peak delay for the ‘Target 
Only’ and ‘Compensated’ responses are used to get the error after compensating for the 
wall. An equivalent error in displacement is also obtained. The negative sign in the errors 
indicate instances where we have ‘over-compensation’; therefore, the peak-to-peak 
difference will be negative. Note that these figures depend on the dielectric constant and 
thickness of the walls. 
TABLE  4.2: Target position errors due to the walls 
   
Peak-to-peak error (ns) Equivalent position error (cm) 
Due to 
wall 
After compensation 
Due to 
wall 
After compensation 
Wall 
Thickness 
(cm) 
Assumed 
'
r  
NC CDL FFD FIT NC CDL FFD FIT 
Wood 1.8 3.0 0.07094 -0.01489 -0.006449 0.01161 1.23 -0.25 -0.1 0.2 
Glass 0.8 6.5 0.10577 0.01936 0.02193 -0.0606 1.24 0.23 0.26 -0.71 
Gypsum 1.2 2.4 
0.08126 
0.01225 0.03224 -0.0116 
1.57 
0.24 0.6 -0.22 
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Studying Table 4.2 closely, we can see that relative to no compensation at all 
(NC), wood perform better after FFD compensation as indicated by 0.0064 ns error in 
delay compared to 0.0148 ns and 0.0116 ns for CDL and FIT respectively. CDL gives 
0.0193 ns error after compensation for glass which is less compared to that of FFD and 
FIT. Because peak-to-peak delay is used, changes in pulse shapes of the compensated 
responses for FFD and FIT will affect the amount of error both in time and space. We also 
attribute this to the high dielectric constant of glass, even though the thickness of our glass 
wall is 0.8 cm. Recall that walls with higher dielectric constant tend to defocus target 
images introducing errors in target positions [Ahm07]. Consequently, up to 0.71 cm error 
is seen after FIT compensation. For gypsum, FFD has the highest amount of error after 
compensation with 0.03224 ns corresponding to 0.6 cm error in displacement relative to 
NC, followed by CDL with 0.01225 ns (0.24 cm error). FIT gives the least. Overall, CDL 
compensation seems to give less error for the three walls and wood gives a better error 
performance for all three methods. 
Energy Capture 
This quantity is useful analysis of signal waveforms. For our purpose, we employ the 
energy capture equation described in [Win97] to be  
 
%100
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2






 
tr
trtr
EC c      (4.3) 
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where )(tr  is the ‘Target Only’ signal called the ‘true signal’, and )(trc  is the 
‘Compensated’ signal and it is called the ‘estimate of the true signal’. We take window 
size of 1 ns around the main pulses (see Figures 4.5 – 4.7(b) and Figure 4.8 (a – c)) for 
this analysis. To achieve full comparison between the shapes of the waveforms, they are 
first synchronized with each other, and then the estimate is subtracted from the true signal 
to get an error as given by the numerator in equation (4.1). If the error is greater than the 
true signal )(tr , the percentage energy capture will be negative. Table 4.3 shows how 
similar, in percentage, the wall compensation results are to the results obtained from 
measurements without the wall for wood, glass and gypsum, using, Constant Amplitude 
and Delay Method, Frequency Dependent Data Method, and Data Fitting Method. We 
have added a column representing when there is no compensation (between ‘Target Only’ 
and ‘Target + Wall’). It should be noted that the accuracy of these figures depends on the 
size of the window around the main pulse over which the comparison is made. Wood and 
gypsum showed good compensation particularly in the data fitting method. This is 
indicated by the 99.32% similarity to the ‘No Wall’ case for wood and 98.70% for 
gypsum. For glass, we have up to 16% improvement in the results from the frequency 
dependent data method (96.45%) over constant amplitude and delay’s 80.68%. However, 
in the data fitting method, compensated waveform for glass suffered considerable 
distortion. As a fit to insertion transfer function for glass, the line in Figure 3.9(b) does 
not represent full information about the frequency dependence of its ‘wiggling’ curve in 
Figure 3.9(a) as compared to the other two methods. This led to the change in the 
compensated waveform shape in Figure 4.8(b), and hence 76.82% energy capture for 
110 
 
glass. This is not much of an improvement over the no compensation’s 71.52%, let alone 
for the other methods. Overall, the results for energy capture in frequency dependent data 
method show relatively better similarity between ‘Target Only’ and ‘Compensated’ 
responses.     
Generally, the basis of comparison depends on how the receiver is interested in the 
signal (time, energy, etc). Figure 4.9 shows the three different methods compared for our 
wood wall. As with the matched filter system, the use of pulse peak-to-peak delay to 
measure the correlation between the two results might be an easier approach to  
 
TABLE  4.3: Percentage similarity of wall compensation results to ‘No Wall’ results 
Wall 
Method 
No 
Compensation 
Constant Amplitude and 
Delay 
Frequency Dependent 
Data 
Data 
Fitting 
Wood 83.94 % 93.52 % 95.61 % 99.32 % 
Glass 71.52 % 80.68 % 96.45 % 76.82 % 
Gypsum 94.85 % 96.27 % 98.98 % 98.70 % 
 
take, however; in this case the shape of the waveform is affected during the compensation 
process. Therefore, finding the correct peak of the signal will not be easy and the peak-to-
peak delay will yield an unreliable outcome which cannot represent correlation or 
similarity. Consequently, wall compensation for double and triple walls suffered severe 
change in waveform, thus, no reliable results were obtained for them. Figure 4.10 shows 
an example for the case of double wall: wood-gypsum. 
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Figure  4.9: Compensation using the three methods for wood wall 
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(a) 
 
 (b) 
Figure  4.10: Wall compensation for double wall (wood-gypsum) 
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4.4 Conclusion 
This chapter proposes a way of compensating for the effect the obstruction has on the true 
position of a target in through wall detection applications. Three methods for wall 
compensation were discussed. The first one used estimated constant amplitude loss and 
delay values suffered by the walls in the previous wall characterization experiments to 
perform compensation, while the second uses full frequency dependent data from 
previous knowledge of the wall. The third uses a quadratic and linear fit to previously 
obtained dielectric constant and magnitude of insertion loss respectively, while assuming 
a constant delay. Results obtained show a good level of wall compensation for the 
different walls used. With the first method, up to 93.52% similarity was recorded between 
compensated and no wall responses for wood. Similarly, 98.70% similarity was obtained 
with the third method for gypsum wall. 
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CHAPTER 5 
5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary and Conclusions 
In this research, the adverse effect an obstruction has on the detection of an object behind 
it was investigated and methods were proposed to compensate for it. This was achieved by 
first performing a wideband electromagnetic characterization of typical building wall 
materials and assessing their impacts on localization.  
An experimental campaign was employed in extracting wall parameters of three 
different materials namely; wood, glass and gypsum through measuring an insertion 
transfer function for each material. The insertion transfer function was obtained through 
frequency-domain measurements using a vector network analyzer. Transmission and 
Reflection measurements were carried out to measure the loss and the dielectric constant 
of the selected materials over a frequency range of 1 GHz to 18 GHz. A formulation by 
[Muq03] using one-dimensional root search for low-loss materials was used in evaluating 
the dielectric constant. The results for transmission and reflection measurements are in 
good agreement with each other and with published data. The results can serve as basis 
for further studies in developing applications for through wall imaging and localization. 
They can also be useful in link budget analysis and channel modeling. 
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Multiple walls were also considered and the obtained results indicate that with 
knowledge about a single wall of certain thickness, we can predict, to an appreciable level 
of accuracy, information about another wall double or triple its size (ignoring effect of the 
air-gap between walls). 
The work further attempted to demonstrate wall compensation to correct the 
position estimation of an object located behind the wall. Measurements were carried out 
with a given target object, and information about the wall obtained from previous 
measurements for wall characterization was used in de-embedding the effect of the wall 
from the measurements. Three methods were proposed for achieving wall compensation 
namely; constant amplitude and delay, frequency dependent data, and data fitting 
methods. Our results show that we were able to achieve a reasonable measure of 
compensation for the three wall materials when we compared the ‘Compensated’ and 
‘Target Only’ (No Wall) results. We used two measures, correction in delay and energy 
capture to assess the accuracy of the three methods. Delay uses the peak-to-peak time 
difference of the ‘Target Only’ and ‘Compensated’ responses to find the error after 
compensation relative to ‘Target + wall’ (no compensation). With constant amplitude and 
delay, glass indicated a 0.0025 ns (0.03 cm) error improvement over frequency dependent 
data method. This is also a 0.04124 ns (0.48 cm) improvement over the data fitting 
method. The energy capture takes 1 ns around the main pulse of ‘Target Only’ and 
‘Compensated’ responses, compares them and give outcome as a percentage of similarity 
between the two. Data Fit method showed higher percentage similarity for wood with 
99.32% over constant amplitude and delay’s 93.52% and frequency dependent data 
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method’s 95.61%. On the other hand, glass, using frequency dependent data method 
showed significant improvement over the other two methods with 96.45% similarity. 
5.2 Recommendations for future research 
For further research, we recommend extensions along the following directions: 
1 Characterization should involve more wall types as found in real life like concrete 
and brick.  
2 The impact of oblique incidence and different distances between antennas and 
walls for both transmission and reflection should be considered. Results can be 
improved by performing experiments in an anechoic chamber. 
3  Using time-domain measurement setup and comparing the result with frequency 
domain measurements. 
4 Demonstrate position correction and image focusing using signals received with 
antenna arrays rather than single antenna. 
5 Experiment with practical targets which are small and mobile. 
6 Use multiple antennas with different characteristics to improve the obtained 
results. 
7 Using simulation tools to augment experimental measurements 
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A APPENDIX A 
 
I. Antenna Test Results 
 
(a) Physical Dimensions 
 
(b) Antenna gain 
 
(c) Antenna VSWR 
Figure  A.1: Antenna physical dimensions, gain and VSWR 
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1 GHz       8 GHz 
 
 
  15 GHz      18 GHz 
 
Figure  A.2: Antenna pattern at various frequencies 
 
TABLE  A.1: Antenna test results 
 3 dB Beamwidth (degrees) 
Frequency 1 GHz 8 GHz 15 GHz 18 GHz 
E-Plane (dotted line) 90.08 40.25 14.47 30.04 
H-Plane (solid line) 63.54 33.27 5.81 17.52 
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NOMENCLATURE 
 
English Symbols 
c  Speed of light = 3.0 × 108 
D  Electric flux density in material 
d  Wall thickness 
df  Fraunhofer distance or Far field distance 
Da  Largest physical linear dimension of antenna 
Do  Free space electric flux density 
E  Electric field 
Eo  Amplitude of applied Electric field 
Ei  Incident electric field on wall surface 
Et  Through wall transmitted electric field 
Etfs  Free space transmitted electric field 
Er  Reflected electric field from wall 
f  Frequency 
H1  Single layer transfer function of 1st wood as used in Figure 3.21 
H2  Single layer transfer function of glass as used in Figure 3.21 
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H3  Single layer transfer function of 2st wood as used in Figure 3.21 
HE  Transfer function of everything except the wall 
H(jω)  Insertion transfer function 
Hsp  Single-pass insertion transfer function 
HT Total transfer function of three layer wood-glass-wood as used in Figure 
3.21 
h(t) Impulse response 
HW  Transfer function of wall only 
HWE  Total transfer function of everything including wall and free space 
J  Electric current density 
k  Damping coefficient of friction 
m  Mass of dipole 
N  Number of electric dipoles 
P  Molecular Polarization in material structure 
q  Electric charge of dipole 
R Antenna separation 
r  Pearson’s correlation coefficient 
r(t)  ‘Target Only’ signal (true signal) 
rc(t)  ‘Compensated’ signal (estimate of the true signal) 
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s Used as Tension parameter (spring) in Chapter 2, and in Chapter 4 it 
denotes Target distance 
S21  Scattering parameter (forward transmission coefficient-gain) 
T  Transmission coefficient 
Xt(jω)  Through wall transmitted signal 
Xtfs  Free space transmitted signal 
 
Greek Symbols 
α  Attenuation constant 
β  Phase constant 
ε  Permittivity of a material 
εo  Permittivity of free space (vacuum) 
εr  Relative permittivity of material 
'
r   Dielectric constant (real part of relative permittivity) 
''
r   Imaginary part of relative permittivity 
ε∞  Optical dielectric constant 
εs  Static dielectric constant 
   Displacement of electric dipole 
Γ  Damping factor 
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λ  Wavelength 
σ  Conductivity 
σe  Effective conductivity 
σs  Static conductivity 
σa  Alternating current field conductivity 
Фsp  Single-pass phase 
tan δ  Loss tangent 
τ  Material relaxation time 
τo  Propagation delay through wall 
Δτ  Peak – peak impulse time delay 
μ  Permeability 
υg  Group velocity 
υp  Phase velocity 
ω  Angular frequency 
ωo  Material resonance frequency 
γ  Complex propagation constant 
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